
Voyager Interstellar Mission 
 

Proposal to Senior Review 2005 of the Mission Operations and Data Analysis 

Program for the Sun-Solar System Connection Operating Missions 

 

Edward C. Stone, Project Scientist 

John D. Richardson, Key Writer 

Andrea Angrum, Education & Public Outreach 

Ed B. Massey, Project Manager 

 

 
Model from Pogorelov et al. 2004 

 

October 2005 



���������	��
��	����	���������

��������� �"!�#��%$'&)(+*,�%$.-/*,�%0102!3$54761-8-,69�"(:62-5�<;>=�01��$869(�#?*,����61(>@
*,�A$8!"BC*869�"(D�3E�*8���F�G�%0169�+-/=��G�%$8�:HI69*,�D*8���J09�>B%!�0'61(+*,�A$8-/*,�A0902!3$
K �AL>61M KONQP &/R>4�S<TU��� �+!3#"�%$DV N �:VWSXB%$,�+-,-,�ALY*8���D*8�%$ K 69@
(G!3*,61��(�-/�G�ZB.[ N �\R�S]61(	^_�AB<� K:` �%$ba�c�c�de!�(GLY61- K !�[+61(�#
*,�G�gfG$8-/* K �A!"-/M�$8� K �A("*.-�69(h*8���i���%0161�"-,���A!3*,� Nkj R j SCTl�����
B<$8�"-8-,69(�#i��Em*,�G�_�\Rn=G$,� oZ62L>�ALJ*8���\fG$.-/*�B<�"(GB<$8�<*8�?61(>Ep��$ K ! @
*,61��(���(�*,�G�F-8B%!301�:-,69qA�r�3E5*8���:���A0961�"-,=����A$,�"s ` !�-,�AL���(�*8���
�\RbL>61-/*8!�(GB<�"tZ*,���i�G�%0169�"=G!3MG-,� Nkj?u S�!3(GL P &/R>4v!�$,�w=�$8� ` @
! ` 09�Dx"c @yd"cXz_-{*8$,�"(�� K 62B%!305|\(G6}*.- N zI|_S?EpM�$,*,�G�%$g��M>*~T:z\09@
*,�G��M�#"�b*8���iM�(GB%�%$,*8!�69(+*,61�A-�61(h*,��� j_u =��+-/69*,61��(�!3$8�g01!�$,#"��t
*,�G�?��� �"!�#��A$�-/=�!�B<�~B<$.! E�*��G!Wo"�?!i#"�+�>LnB.�G!�(GB<�_�3E�$8�A!�B.�G69(�#
*,�G61- ` ��MG(GL�!3$8�X61(h*,���A69$\�"=��A$8!3*,61��(G!�0l0969Ep�<*86 K �A-ATU���ZMG-�*8���
��� �"!�#��A$8-'-/���"M�02L:=�$8� oZ61L���*,�G�Uf�$8-/*�L>69$8�AB<*�� ` -,�%$8o ! *,61��(�-���E
*,�G� P &/R>4�T

��� �"!�#��A$:a N �ga�Si��!�-:L��<*,�~BC*8�AL��A(��%$8#��%*,62Bn=G!3$,*,62B<01�X61(>@
*,�A(G-,6}*{�n61(GB<$8�A!"-/�~-U-,6 K 6102!3$U*,�J*,���+-/�_� ` -,�%$8o��~L ` �n�:V_Ep$,� K
K 61L>@)a�c�c"aX*,�h*8���n�\R�B%$,�+-,-,61(�#Gs�*8���A-,�]69(�B<$8�A!�-,�A-g!�$,�J=�$8�<@
B<MG$8-,��$.-i�3EI*8�����\RlT����ZMG-F�wa761-F0961[��A09�e*8��B<$8�"-8-g*8���h�\R
61(�*,���D(G�<;Z*nEp�%H����~!3$.-%T������D�wa��\R�B%$,�+-,-,61(�#�HI69010?$8�<@
-,M�0}*F69(e*,�G�nfG$.-{*r=�02!�- K ! K �A!�-,M�$8� K �%(+*.-i! *r*8���X�\R�!3(GL
61(F*8��� j R j !3(GL]-,�<*�016 K 69*8-��"(F�Z�Z=���*,���~-/61q%�~LJ���%0169�+-/=G���%$861B
!�-,� K]K �%*,$869�~-%T

�����:�\RD!3=�=�$8�"!"B.�h!�(GLDB%$,�+-,-,69(G#J=G$,� oZ62L>�AL K !3(Z��-/MG$/@
=�$861-,�A-AT5�����I69(+*8�%(G-,��t+��61#���01�:o !3$862! ` 01��t+!3(�62-/��*,$8��=�62B ` �~! K -
�3EU�%(��A$,#"�<*,62BF=G!3$,*,62B<01�A-_� ` -,�%$8o��~L�Ep��$ra�T �����~!3$.-\M�=G-/*,$8�A! K
�3Ew*,�G���\R�HU�A$,��M�(��%;>=��~BC*,�~L�T������A-,� ` �~! K -n61(GL>62B%!3*,�AL
*,��! *\!J=��A$8-,61-/*,�A(+* K !3#"(��<*861BgB%��(�(��~BC*869�"(�H�!�- K !361("*.!361(��AL
` �<*{H��%�%(h�:Vg!3(�LX*8���i�\R�!�(GL�-,M�#�#"�A-/*8-U*,��! *�*,���i�\Rb!3(GL
���A0961�"-,=����A$,��!3$8�U!�-,� K]K �%*,$861B�T�z\(G�3*,�G�%$�-/MG$,=�$862-/�UH�!"-�*,��! *
*,�G�\!3(�� K !�09�"MG-�B<�+- K 62B�$8!W�>- N z?���?-8S5!�$,�I-/*,61090 K �>L>MG01!3*,�AL
61(]*,��� j R j s+!�0}*8����M�#"�J*,���_09� H��%$��A(��%$8#��F69�"(G- K !3[Z61(�#iM�=
*,�G�:=�$8�AB%M�$8-,��$ ` �A! K -?!3$8�r!�BAB<�A09�A$8!3*,�AL�!3*\*,���F-/���>B.[lt�*8���
z?���\-n!�$,��(���*AtU!3*X09�~!�-/*J(G�3*X61(�*8���7$,�A#�61��(YB<$8�"-8-/�~L ` �
�:V"T7z?����!�B%B%�%01�%$.! *869�"( K !W� ` �b096 K 6}*8�ALe*,�DEk!Wo���$8�ALe$8�<@
#�61��(�-��3E5*,���r�\Rh�"$ K !W���>B%B%M�$�EpM�$,*,���A$\��M>*_69(h*,�G� j R j T
z\(G�3*,�G�%$_-,M�$8=�$861-,�r62-I*,�G� K !3#"(��<*861Bgf��%02L�s ` �%Ep��$8�i*,���J�\Rlt
�:VhH�!�-J-/�A�%61(�#�=���02!3$869*{��B.��!3(�#"�A-J!�-F6}*XB<$8�"-8-,�ALe*,�G�h�G�<@
0169�+-/=��G�%$861BFB<M�$8$,�A(+*_-/�G�%�<* Nkj ��R�SCs�!3E�*,�%$_*,�G�J�\R7B%$,�+-,-,61(�#Gt
�:V7$8� K !�69(��~L�61(Y*,���D-,��M�*,���A$,(Y=��"01!�$,69*{��-,�ABC*8��$]Ep�"$7V�VAc
L�!W�>-��%o"�%(b*,���"M�#��h69*\61-\!3*I(���$,*,���A$,(h���A0961��02! *86}*8MGL>�A-AT������
61(>Ep�%$8$,�~LX=�02!�- K !i�G� H�62-�M�(��%;Z=��AB<*,�~L>09��09� H	!�(GLXo !3$862! ` 01��t
!3(�L�*,���J=�62B.[ZM�=D61��(G-w!3$8�F-/*,$8��(�#"09�h���~! *,�~L�Tg�\��(G�:�3E�*8���
Ep��$8�%#"��61(�#�� ` -,�%$8o ! *869�"(G-wHU�A$,�X!�("*861B%69=�! *,�~L ` ��*,���A��$8��t�-/�
*,�G�A-,�g!�(GLbEpM>*,MG$,�g�:Vi$8�%o"�%02! *869�"(G-���E'*8���gM�(��%;Z=��AB<*,�~Lb(�! @
*,MG$,����EZ*,��� j R j HI61010"L>$869o"��*,�G�%��$8�<*861BA!30 K �>L>�A0961(�#I*8� H�!�$8L�-
!J(��%H�=G!�$8!"L>69# K T

��M�*,M�$8�FH���$8[��%(GB%� K =G!"-,-,�A-w-/�Ao��A$8!�0�*.!�-,[Z-ATr&)(G-,62L>�:*8���
�\Rlt��ga�HI61010�-{*8MGL>��-,��02!3$wHI61(GL N RZ��Sw�Ao���01M>*869�"(�!3(�L�61(>@
*,�A$8!"BC*869�"(�HI6}*8��*8��� P &/R>4�!�(GL�t�61(�=G!�$/*861B%M�01!�$At5��� H�*8���
RZ�O-,09� H\- ` �%Ep��$8�i*,�G�F�\RlTlz�*?*8���:(��%;Z*w-,��02!3$ K 61(�6 K M K t
�wa K !W� ` �X! *:!h��61#����A(���M�#"��02! *86}*8MGL>�n*8� K �"(�69*,��$g*8���
61("*8�%$.!�B<*,61��(D$8�%#"69�"( ` �<*{H��%�%(�*,���JEk!"-{*i!3(GL�-/01� H�RZ��!3(GL
*,��� ` -,�%$8o��DB%��$8��(G!�0?���"09�D�G� H�! *h01!�$,#"�DL>61-/*8!�(GB<�~-%T��wa
HI61090>� ` -/�A$,o"��*8��� ` �~! K -5�3E�M�=G-/*,$8�A! K �%(��A$,#"�<*,62B�69�"(G-'Ep$,� K

*8���F�\RD! *w!�L>6}�l�%$8�%(+*w09�>B%!3*,61��(D!�(GL7#��A� K �<*8$,��Ep$,� K �:V�t
HI�G61B.�Y-/���"M�02L����A09=Y610901M K 69(�! *,�h*8����69�"(�-,��M�$.B<��!3(GL�*,���
=��"-8-,6 ` 01�\���A0961�"-,=����A$,62B\!"-/� K]K �<*,$861�A-AT������_09�>BA! *,61��(n��E�*,���
�ga��\R�B<$8�"-8-/61(�#�HI61090i-,���AL�0161#��+*b�"(�*,���e� o��A$8!�090_-/���>B.[
K �"$,=��G��01��#��"t5�A-,=��~B<62!30109��B<� K:` 61(��~L�HI69*,��LG! *8!�Ep$8� K *,���
&{ �¡�¢ K 62-,-,61��(mTY�wa�=�02!�- K !�L�!3*8!e! *]*,�G�D�\R�HI61090I�G�%01=
M�-_MG(GL>�%$.-/*8!3(�L�*,���]�\R7=G�+�>-,61BA-_!�(GL�-/*,$8MGB<*,M�$8��Tw���JHI61090
� ` -,�%$8o��h*,����$,�~B<� o��A$,����ErB<�"- K 61B�$.!W�>- ` �A���"(GL�VAc"cezI|
!3*_-,��02!3$ K 61(�6 K M K t�L>�<*8�%$ K 61(��:*,���F�<�l�ABC*.-?��E�!n(��A#"! *869o"�
K !�#�(��%*,62B�=��"01!�$,69*{�F-,��02!3$�B%�ZB%09�"t K ��(G6}*8��$�*8���\M�(>Ep�"01L�69(�#:�3E
*8���g09� H��%(��A$,#"�Xz?����-,=��~BC*,$.!J!�-��:V K � o��~-�*8��$,�"M�#���*,���
j R j !3(GL��waFB<$8�"-8-/�~-�*8���g�\Rlt�!3(GLb-/�~!3$.B.�]Ep��$I!�LGL>6}*869�"(G!30
` M�$8-/*8-���E��G�%0169�+-/=��G�%$861B_$8!"L>61�J� K 61-8-/61��(�T

£�¤ 
+¥�����¦�§	���e��
>¦�¥

���G�b��� �+!3#��A$F-,=G!�B%�AB%$8!3E�*JH��%$8��02!3M�(�B.���AL�69(�VA¨Z©�©��"(
!�*,$.! ª{�~BC*8��$8��*8� H�!�$8L�*,����#�62!3(+*�=�02!3(��%*8-AT«���"$/*8M�(G!3*,�%01��t
*8���h��� �"!3#"�%$.-r!3$8���G�A!�L��AL�*8� H�!�$8Le*8���hM�=G-/*,$8�A! K L>61$8�ABC@
*869�"(��3E5*,���i�G�%0169�+-/=��G�%$8��T�z\E�*,�%$?*,���F-/MGBAB<�~-,-/EpM�0m=�02!3(G�<*8!�$,�
�A(GB<�"M�(+*,�A$8-At3*8���\��� �"!�#��A$�&)("*8�%$.-{*8�%0101!�$�4762-,-,61��(nB<�"("*869(ZM��~L
�"M>*{H�!3$.LFHI69*,��*,���_#��+!30G��E K !3[Z69(G#i*,���_fG$.-{*U� ` -,�%$8o ! *,61��(�-
��E�*,�G� P &/R>4�T��:VJ�G!�-_(�� H¬B<$8�"-8-,�ALh*,�G�J�\Rlt�-,�X*8���F#"�"!�0
��E'$8�A!"B.��69(G#:*8��� P &/R>4v-,�%� K -I!"B.��61�%o ! ` 01��T

���G�B<� o"�%$®fG#�M�$8�-,��� H\-¯!°-8B.��� K ! *861BL>62!3#�$.! K
��En*,�������%0161�"-,=����%$8�W± P &/R>4²61(+*,�A$8!"BC*,61��( NkK �ZL�6}fG�~L³Ep$8� K
´\µ,¶+µ ·,¸%¹9µ3º�¸%»�¼ ¹9½1t:a�c�c�d+SCT«����� P &/R>4 K � o"�A-h=G!"-{*h*,���
R>M�(�HI69*,��!e-/=��%�~L���Ewa3¾GT d�[ K ±3-%T����G�7R>M�(��/ª{�AB<*8-F*,���
R>�¿HI6}*8��!�-,=��%�AL	�3Erd"c"c @/© c"c�[ K ± -ATÀ����� j?u 61-�*,���
` ��MG(GL�!3$8� ` �%*{HU�A�%(�*,���XRZ�O=G01!"- K !h!3(GLD*,��� P &/R>4�Tlz�*
*8��62- ` ��M�(GLG!3$8��t"!"-�-,��� HI( ` �:*8���I�G� H�0169(��~-�61(]*,���\fG#�M�$8��t
*8��� P &/R>4=�02!�- K !X�G� H�L>69o"�%$,*8-g!3$8��MG(GL7*8���]���%0169�+-/=G���%$8�
!�(GL�*8���eRZ�¿$8�3*.! *8�A-n*8���G� HÁ*,� H�!3$.L�*,���e���A0961�"-,=����A$,62B
*.!3610QTDRZ61(GB%�n*,���hRZ�Â!3(GL P &/R>4Ã!3$8�X-,M�=��A$8-,��(G61B�t�-,���>B.[>-
Ep�"$ K 69( ` ��*,�h�G� H\- ` �<Ep�"$,�w*,�G�%�X$8�A!"B.�X*,�G� j?u T�z�*I*,�G�A-,�
-,���>B.[>-%t"*,�G�w=G01!"- K !F61-�-,09� H��AL�tZB<� K =�$,�~-,-,�ALmt"���~! *8�AL�t�!�(GL
61(�69*,62! *8�A-�*8���_B.��!3(�#"�I69(XL>61$8�ABC*869�"(mT5^?�A=��A(GL>61(�#:�"(]*,���wL>6}@
$8�AB<*,61��(h�3E'*,��� P &/R>4 K !�#�(��%*,62B_fG�%02L�t�02!3$8#��g!�-,� KJK �%*,$869�~-
K !W� ` �i=�$8�A-,�%(+*I69(h*8���i���%0161�"-,=����%$862B_-/*,$8MGBC*8M�$8��T

�FV�B<$8�"-8-,�ALw*,�G�U�\Rlt~HI���%$8��*8����R>� ` �~B<� K �~-�-,M ` -,��(�62B3t
61(n^?�~B<� K:` �%$�a3c"c3dw! *�¨3dizI|rT"����61-�B%$,�+-,-,61(�#_-,�<*�*8���I-,BA!301�
Ep�"$m*8���UHI�G��01�����%0161�"-,=����%$862B�-/�>-/*,� K s3*,��� K 62-8-/61(�#?=G69�~B<� ` �<@
Ep�"$,�?*,��62-�B<$8�"-8-/61(�#iH�!�-�*,���_=�$,�~-,-,M�$8�\61(X*,�G� P &/R�4�sZ[+(G� H�@
61(�#Y*,�G���\R ` ��M�(�L�!3$8��L>62-{*.!3(GB%�ef�;>�A-h*,�G61-7=�!3$.! K �<*8�%$~T
4D�ZL��%02-n=�$8�AL>62BC*X*8�G! *n*8��� j_u 61-bx�c @yd"cZÄ K ��$8�DL>61-/*8!�(+*
*8�G!3(Y*8���D�\RlT������7��� �+!3#"�%$F*,$.! ª{�AB<*,�"$,61�A-]!3$8��-/��� HI(Y61(
��61#�M�$8�DV"s�L>62-{*.!3(GB%��61(�zI|Å62-r=�01�3*,*,�~L�o>-%T����%0169�"01!3*,69*,MGL��
!�(GLe*,6 K �A-F!3$8� K !�$,["�ALe��(e*,�G�X*,$.! ª{�~BC*8��$8�7*,$.!�B%�A-ATbz\02-,�
K !�$,["�AL�!�$,�b*,����01�>B%! *869�"(G-F�3E?*8�����:V��\R�B%$,�+-,-,61(�#�!�(GL
*8���J=�$,� ` ! ` 09�F09�>B%!3*,61��(G-_�3E�*,���J�wab�\RDB%$,�+-,-,69(G#�!3(GLD*,���
�FVn!3(GL��wa j_u B%$,�+-,-,61(�#"- ` !�-,�AL���( K �>L>�%0�$8�A-,M�09*8- N -/�A�
-,�AB<*,61��(hd+S<T�47�>L>�%02-�HI��62B.��69(GB%��$8=��"$8!3*,�g-/�"01!�$IB<�>B<01�i=�$8�A-/@
-,M�$8�nB.�G!3(�#"�A-i-,M�#�#"�A-/*g*,�G!3*r*,���n�ga��\R�B<$8�"-8-/61(�#�-/�G��M�02L
�>BAB<M�$XHI69*,�G69(	!�Ep�AH����A!�$8-AT	�ga��G!�-�L>�<*8�ABC*8�AL��\RY=�$8�<@

a



B<MG$8-,��$.-:-,6 K 6101!�$:*8��*8���"-,�X*8�G! *]�:Vh� ` -/�A$,o"�AL ` �<Ep��$8�X*8���
�\RYB<$8�"-8-/61(�#�T����G�7�:V j?u B%$,�+-,-,69(G#�62-n0169["�%01��*,���>B%B%M�$
(��~!3$��"$�!3E�*,�A$�a3cGV~�i!�(GL]*8���?�ga j?u B<$8�"-8-/61(�#i61(b!F-/6 K 6902!3$
*,6 K �:Ep$.! K �"Tr�����J-,=G!"B<�AB%$8!3E�*_HI610905�G!Wo"�F-,M��XB<61�%(+*g=�� H��%$
*,�h��=��%$.! *8�J!�090561(G-/*,$8M K �%(+*8-wM�(+*,610�a3cGVA¾Gsl!3E�*,�A$_*8��62-w*,6 K �"t
=�� HU�A$/@)-/��!3$869(�#]HI610905�%;+*8�%(GL7*,���JMG-,�<EpM�0�0969Ep�J�3E�*,�G�J-,=G!�B%�<@
B<$.! E�*\MG("*8690�! *?01�A!"-{*_a�c"a�c�T����ZMG-\*,���r��� �+!3#"�%$.-�!�$,�g0169["�%01�
*,�J=�$8� oZ61L>�\*,���wfG$.-{*�69(h-/69*,M K �A!"-/M�$8� K �A("*.-���Em*,��� P &/R>4�T

��������	�
���������������������� !��"#�%$&��'(�*)+��,-��.��/��"10��%�����/���2$3��4

 ��<Ep�"$,��*,�G�%�J$,�~!�B.�J*,��� P &/R>4�t�*,���?��� �"!3#"�%$�-,=G!�B%�AB<$.! E�*
HI61090m�%;>=�09�"$,�i!�(h�A(+*,61$,�A09�X(G�%H�$,�A#�61��(mtZ*8��� j R j T�����62-I$8�<@
#�61��(]��El-,M ` -,��(�62BU�G� H�-/���"M�02L ` �?!"BC*,61o��"t�B<�"(+*8!361(�61(�# ` ��*,�
-/*,$8MGBC*8M�$,�~-5�%(+*,$.!361(��~Lr61(F*8���?RZ� !3(GL:*,�G�"-,��#"�%(��A$8!3*,�~L ` �
*,�G� K �3*869�"(G-\��E�*,���J�\RlT����G61-?$,�A#�61��(DB<�"(+*,$86 ` M�*,�A-\*,�n*8���
K �>L>M�02! *,61��(��3E\*8����#+!302!�BC*861BbB<�+- K 62Bn$8!W�>- N65 ���\-.S87:9<;2=
>Jµ@?�¼3¹BA�¸%»J¼3¹9½1t\a3c�c+aDCyT�z?09$8�A!"L>��M�(��%;Z=��AB<*,�~LY!3*/*8$,6 ` M>*8�A-
!3$8� ` �%61(�#�L>62-,B%� o��A$,�~L�tG-,MGB.�7!�-I*8���i*8� K =��"$8!�$,�hB<�~-,-8! *869�"(
�3E�-,�AB<*,�"$ ` �"M�(GL�!�$,��B<$8�"-8-,69(�#+-%t�!X02!3$8#�� K �%$861L�69�"(G!30 K !�#3@
(��%*,62BDfG�A01Lmt_!3(�L	!3(	61(GB%$,�~!�-,�D�3E:z?���®69(+*,�A(G-,6}*869�~-�HI69*,�
L>62-{*.!3(GB%��T

�����r��� �+!3#"�%$?-,=G!�B%�AB%$8!3E�*?!3$8�r$,�A01!3*,61o��A09�b���A!�0}*8�+�"T?�����
!�B<*,61o���61(G-{*8$,M K �A(+*�*8�A! K -�!3$8��*8��� u 02!�- K !wR>B%69�A(GB<���%;Z=��%$,@
6 K �A(+* NkuUP R�S�HI��61B.� K �~!�-,M�$,�~-�*,���A$ K !�0G=�02!�- K !�t3*8��� P � H¡�(G�%$8#����U�G!�$,#"�AL u !�$/*861B%09�e�<;>=��%$86 K �A("* NQP ¡�� u SbHI��61B.�
L>�%*,�AB<*8-b=G!3$,*,62B<01�A-X69(�*8���7*8�%(G-b�3Ei[��A� *,��*,�A(G-X��Ei4D�%�
$.!3(�#"��t�*,���b�U�+- K 62BF�?!W�D-/M ` -/�>-/*,� K�N ���?R�SwHI��62B.� K �~! @
-,M�$,�~- 5 ���\-Y!3(�LÅz?���\-At�*8��� K !�#�(��%*,� K �%*,�%$��<;>=��A$,69@
K �%(+* N 4Dz 5 S<t3!3(GL:*,�G� u 01!"- K !?�e!Wo"��-,M ` -,�>-{*8� KÅNku ��R�S
HI��62B.��� ` -,�%$8o��A-_=�02!�- K !h!�(GL�$8!"L>69�hH�!Wo��A-ATr&)(�!�LGL>6}*869�"(mt
*,�G� u 01!�(��<*.!3$8�J�\!"L>61�Jz_-{*8$,�"(�� K �J!�(GL�|?0}*8$8!WoZ61��01�<*�R>=��~BC@
*,$8� K �%*,�%$�69(G-/*,$8M K �%(+*.-�-/*,61090_$,�%*,M�$8(	L�! *.!�tI!309*,�G��M�#"��*8���
-8B<61�%(GB%�i*,�~! K -_!�$,�i(G�3*w-,M�=�=���$,*,�~L�T?�����F�:V uUP Rh�%;Z=��%$,@
6 K �A(+*:Ek!36101�AL�-,�+�"(�! E�*8�%$r*8���bR>!3*,M�$8(��A(GB<�"M�(+*,�%$:69(	V~¨FE"c
!3(�Lr�G!"-'(G�3* ` �A�%(]! ` 01�U*,�gL>�<*8�ABC*��Ao��%(:*,������61#��G�%$5=�02!�- K !
�GM>;>�~-��%;Z=��AB<*,�~Ln69(�*,��� j R j T>�����_�ga u ��Rn-{*869010�$,�%*,M�$8(G-
o !301MG! ` 09�DL�!3*8!�61( K !3(Z��B.�G!�(�(��A01-As\��� H��%o"�%$~t�*,�G�DHI61L��<@
` !�(GL�$,�~B<�A69o"�%$]Ek!36101�AL�61(�a3c�c"x�tU*,����VW©>T E j q�B.�G!3(�(G�%0?62-
61("*8�%$ K 6}*,*,�%(+*~t�!3(GL�*8����MG=�=��A$�E�B.�G!3(�(G�%02- N V�[ j qX*8�e�3¾
[ j qWSr�G!Wo"��L>�~B<$8�A!�-,�AL�-/�A(G-/69*,61oZ6}*{��L>MG��*8��!7Ek!�6901M�$8��61(�!
K MG0}*869=�01�<;>�"$:-/HI69*8B.��61(�*,���b��^gRlT������n�wa74�z 5 �%;Z=��%$,@

6 K �%(+*i�G!�-i!hB<�"(+*,61(+MG69(�#h=�$8� ` 01� K HI6}*8��(��"61-,�]#��A(��%$.! *8�AL
` �b*,���]-,=G!�B%�AB<$.! E�*?!�(GL7��*,���A$?61(G-{*8$,M K �A(+*8-_HI��61B.� K !�[��~-
$8�%0162! ` 01�I!3(G!�09�>-,61-5o"�%$8�rL>6:�XB%M�0}*~t ` M>*�*,�G�I��69#"���%$ K !�#�(��%*,62B
f��%02L7-{*8$,�A(�#3*8��!3*?-/�"01!�$ K ! ;>6 K M K¯N !3(GL7-,�Z��(b*,���:��69#"���%$
K !�#�(��%*,62B7fG�A01L�-{*8$,�A(�#3*8��69(�*,��� j R j SX��!�- K !"L>�D*8�G! *
=G$,� ` 09� K�K ��$8�7*8$8!"BC*8! ` 01��THG?*,���A$,HI62-/��*8����61(G-/*,$8M K �%(+*8-
H���$8[�HU�A0905!3(�L�!30105�G!Wo��:*,���]-,�%(G-,6}*869oZ69*{��*,��B<�"("*869(ZM��F� ` @
-,�%$8o ! *869�"(G-n61(�*,�����%(ZoZ69$8��( K �A(+*8-n�%;Z=��AB<*,�~L ` �A���"(GLY*,���
�\Rh!�(GL j_u T

���G�«RZM�(>@{RZ�"01!�$�RZ�>-{*8� K �U��(�(G�ABC*869�"(�R>B<61�%(�B<� !�(GL
�'�AB.�G(���01��#"�¬�I�"!"L K !3=Åa3c"c"�W@{a3c"x"��-,�<*.-�Ep��$,*,���_z_R>zJI -
#"�"!�01-At+-,� K �_�3E�HI��62B.�bL��%=��%(GLbB<$86}*861BA!30109�]M�=���(�L�! *.!iEp$8� K*8������� �+!3#"�%$X-,=G!�B%�AB<$.! E�*~T³�����7fG$.-{*�RZM�(>@{RZ��02!3$�RZ�>-{*8� K
�U�"(�(��~BC*,61��( N R�RGRG��Sh� ` ª{�~BC*869o"��62-h*,�LK,|\(�L>�%$.-{*.!3(GL	*,���
EpMG(GL�! K �A("*.!30>=�$8�>B<�~-,-,�A-'�3E�*8���I-/=�!�B<���%(ZoZ61$,�"( K �%(+*'@lEp$8� K
*8����RZM�(�*,��¡�!�$/*8�mt_*,���3*8���%$�=�02!3(��%*8-Atw!�(GL ` �A����(�L	*8�
*8���n61("*8�%$.-{*8�%0101!�$ K �AL>61M KNM T����G�n��� �"!3#"�%$.-g!3$8�F*8���n��(G09�
-,=G!"B<�AB%$8!3E�*X=��+-/69*,61��(G�ALY*,��L>69$8�AB<*,01��� ` -,�%$8o��h*,��� ` �"M�(GLZ@
!�$,61�A-?�3E�*8���J���%0169�+-/=G���%$8�F!�(GLD�G!Wo"�:!�B.��!3(GB%�r*,��L>61$,�~BC*809�
-8! K =�01��*8��� P &/R>4�TW�����A-,� ` ��M�(�L�!3$869�~-�!�$,��*8����01!�$,#"�A-/*�Ep�A! @
*8M�$8�A-U69(n*8���?�G�%0169�+-/=��G�%$8�?!3(GL�!30109� H�MG-�*,�:-/*,M�L>�n=��Z�>-/62B%!�0
=G$,�>B<�~-,-,�A-i-,MGB.��!"- K !3#"(��<*861B]$8�AB%��(�(��~BC*869�"(mt'=�!3$,*,62B<01�X!�BC@
B%�%01�%$.! *869�"(	!3(GL	*,$.!3(G-,=��"$/*~t?!3(�L�*,�G��61(+*,�%$.!�B<*,61��(	��Ei*,���
R>�O=�02!�- K !bHI69*,�D*8��� P &/R>4�(��%M�*,$.!302-?61(e!b-/�>-/*,� K HI6}*8�
o"�%$8��02!3$8#��D-8B%!�09�D-,69qA�A-AT³�����A-,�7*,�G$,�A�7*,�"=�61BA-%t K !�#�(��%*,62B
$8�AB%��(�(G�ABC*869�"(mt�=G!�$/*861B%09�F!�B%B%�%01�%$.! *869�"(h!�(GLb*,$.!3(G-,=��"$/*~t�!�(GL
=G01!"- K ! @y(��AM>*,$.!30+69(+*8�%$.!�BC*869�"(G-AtW!�$,��=�$869�"$,69*{�g$,�~-/�~!3$.B.�iEp�>B<MG-
!�$,�~!�-n62L>�A("*86}f��AL ` ��*,����R�R�RG�«$8�"!"L K !3=mT³�����DMG(�63O+M��
=��%$.-,=��~BC*,61o��b�3EI*8���b��� �+!3#"�%$.-g61-JB<$8MGB<62!30UEp��$:*,���~-/��-/*,MGLZ@
61�A-AT7&)(�!"L�L>69*,61��(mt�!7=�$861��$86}*{��69(Zo��~-{*869#+! *869�"(e62L>�A("*86}f��AL�61(
*8���I$8�"!�L K !�=mt3�5x�T dGt362-PK j � H�L>�w*8�������%0169�+-/=G���%$8�I!3(GL:*,���
61(+*,�A$8-/*,�A0902!3$ K �~L>69M K 61(+*,�%$.!�B<* M(Q ���G�r$,�"09�i��E���� �"!3#"�%$�61(
!�(G-,HU�A$,61(�#F*,��62-RO+M��A-/*,61��(h62-IB<01�A!3$801��B<$86}*861BA!30 T

���G��$,�~B<�%(+*D-8B<61�%(+*,69f�B�L>62-,B%� o��A$,61�A- ` �A!3$861(�#���(�*,�G�A-,�
$8�"!"L K !3=J� ` ª{�~BC*869o"�A-�!�$,�I�A01! ` �"$8!3*,�ALJ�"(n69(]*8��61-�=�$8��=��"-8!30 T
���G�%��61(GB%09MGL��g*,���if�$8-/*\B<$8�"-8-/61(�#]�3E'*,���:�\R�t>*,���rfG$8-/*I� ` @
-,�%$8o ! *869�"(G-��3El*8��� j R j t"*,���w-/01� H\L>� HI(]�3El*8���wRZ��L�M��\*8�
61(+*,�A$8!"BC*,61��(�HI6}*8��*8��� P &/R>4 (��%M�*,$.!302-%t�*8����L>61-8B<� o"�%$8���3E
�A(��%$8#��%*,62B?=�!3$,*,62B<01�A-I-/*,$8�A! K 61(�#JM�=G-/*,$8�A! K �3E�*8���i�\RltG!�(GL
*8���i02!�B.[X��E�*,�G�i�<;>=��~BC*8�AL�z?����!�B%B%�%01�%$.! *869�"(b! *�*8���r�\RlT

��� �+!3#"�%$J=�01!W�>-X!�B%$,69*,62B%!�0\$8��01��t�!3(GL ` �%(��%f�*8-�#�$8�A! *809�
Ep$8� K tU6}*.-]=�01!"B<��61(�*8���7#�$8�A!3*J���A0961�"-,=����A$,62Bb� ` -,�%$8o ! *,�"$,�"T
��� �+!3#"�%$�=�$8� oZ61L>�~-�L>61$8�ABC*'� ` -,�%$8o ! *,61��(g��EGz?���\-�(G�A!3$�*,���A69$
-,��MG$8B%�?$8�%#�61��(b!3(GLb�3E 5 ���?- ` �%Ep��$8�?*8���%��!�$,� K �ZL�M�01!3*,�~L
61(J*,���wRZ�³TZ�U� K =�!3$861-,��(F�3E5V\zI|	!3(GL]|?09�>-8-/�~-�L�! *.!gHI6}*8�
��� �+!3#"�%$�L�!3*8!�=�$,� oZ62L>�A-h!�*8�A-/*h��E K �>L>�%02-���EJRZ� �Ao���@
01M>*869�"(mT�&)(�(��%$����%0169�+-/=G���%$861B7-,=G!"B<�AB%$8!3E�*X=�$8� o+62L>�7(��A�AL>�~L
` !�-,�%0169(��rLG! *8!n*,��L>�%*,�A$ K 61(��r��� H�*,���JRZ� 61-_! �l�AB<*,�AL ` �
P &/R>4�(��%M�*,$.!302-X!�-]69*X*,$.!Wo��A01-F*8��$,�"M�#��Y*8���D���A0961�"-,=����A$,�"T
�G��$��%;>! K =�09�"t *,�iL>�%*,�A$ K 61(��I��� H K MGB.�F*,���?RZ� 62-�-/01� H��AL
` �J=�62B.[+MG=n�3E�*,�G� P &/R>4�(��%M>*8$8!�01-�HU� K MG-/*U[Z(�� H�*,���gRZ�
-,=��%�AL�! *h!�-/6 K 6902!3$b01!3*,69*,MGL���61(�*,���e61(�(��%$h���A0961�"-,=����A$,�"T
���G����� �+!3#"�%$.-�� ` -,�%$8o���*,����61(+*,�%#"$8!3*,�~Lr�<�l�AB<*8-��3E�RZ���Ao���@
01M>*869�"(�!3(GL�61(+*,�%$.!�B<*,61��(�HI69*,��*,�G� P &/R�4 Ep$,� K *,�G��61(�(��%$
*8�i��M>*8�%$��G�%0169�+-/=��G�%$8��T5�����\61(�(��%$����%0169�+-/=G���%$861BI-,=G!"B<�AB%$8!3E�*
L���*,���n$8�%o"�%$.-/�"tm� ` -,�%$8oZ69(G#b*8���n61("*8�%#"$8!3*,�AL��<�l�AB<*8-:�3E�69(>@

x



H�!3$.L K �3*869�"(���E�z?���?-r!3(GL 5 ���\-:!3(GL P &/R>4 (��AM>*,$.!302-
Ep$8� K *8��� P &/R>4�!�(GLF�\R:*8�JVIzI|:T������A-,�IB<� K =G09� K �A(+*8!3$8�
L�!3*8!r-,�<*.-U!�0901� H�MG-�*8�r*8�A-/* K �>L>�%02-%t+=�$8� oZ61L>61(�#r61(�=�M�*�B<�"(>@
L>69*,61��(G-g!3*g�"(�� ` �"M�(GL�!�$,�7!3(�L ` �%(GB.� K !�$,[�� ` -/�A$,o !3*,61��(G-
! *�*8���i�3*8���%$~T

�����A(�*8���7&)(+*,�A$8-/*,�A0902!3$n ���M�(�L�!3$8��¡�;>=�01��$8�%$ N &{ �¡�¢wS
-,=G!�B%�AB<$.! E�*hª{��61(G-�*8����R�R�R��v#�$8�A!3*����%0169�+-/=G���%$861B�� ` -/�A$/@
o ! *8��$8��tI*8���e-,�Z(��%$8#���HI69*,����� �"!3#"�%$hL�! *.!�HI61090 ` ���Ao��%(
#�$8�A!3*,�A$AT�&{ �¡�¢«HI61010 K �A!�-,M�$8��*8�������%0161�"-,=����%$862B ` ��MG(GLZ@
!3$861�A- ` ��� ` -/�A$,oZ61(�#]�%(��A$,#"�<*861Bw(��AM>*,$.!30�!3*,� K -AT������~-/�i� ` @
-,�%$8oW!3*,61��(G-hHI61090:=�$,� oZ62L>��!Y#�01� ` !�0w=G61B<*,M�$8���3EJ*,����R>M�(>@
P &/R�4�61("*8�%$.!�B<*,61��(�!3*U*8���w-8! K �?*,6 K �_*,�G�_��� �+!3#��A$U-,=G!�B%�<@
B<$.! E�*�!�$,���<;>=�01��$861(�#?*{H��g=�61�AB<�~-5�3E�*,���I61(+*,�%$.!�B<*,61��(J69(]-,6}*8MmT
������#�01� ` !�0"=G61B<*,M�$8��HI69010 ` ���3E�#�$8�A! *����%01=FEp��$�M�(GL>�A$8-/*8!�(GLZ@
61(�#J*,���i61(7-/69*,M�� ` -/�A$,o ! *869�"(G-�!3(GLboZ61B%�io��A$8-8!�T

�����7-,�ABC*869�"(G-]HI��62B.�YEp��0109� HÁL>�A-8B<$86 ` �hfGo�� ` $,�+!�L�-8B<69@
�%(�B<��*,�"=�62B%- ` �%61(�#r!�LGL>$,�~-,-,�AL ` �r*8���\��� �"!�#��A$5-,=G!"B<�AB%$8!3E�*AT
�����~-/�I*8��=�62B%-U!3$8�rV~S5*,���gRZ�³t+�\Rn=�$,�~B<M�$.-,��$.-�!3(GL]*8���_�\R
B<$8�"-8-,69(�#�t�a"SJ*,��� j R j t�x"SF*8��� j_u !3(GLY61("*8�%$8=�02!3(��%*8!3$8�
K �AL>61M K tgd+Sb�%(G�%$8#��<*861B�(��AM>*,$.!30i! *8� K -Atw!�(GL��"S�B%�"- K 61B
$.!W� K �>L>M�02! *869�"(mTF�G��$w�A!"B.�D*,�"=�62BFH��J#�61o��F!hL>�~-,B%$,61=>*,61��(
�3E�*8���F-8B<61�%(�B<��t�-/M KJK !�$,61q%�r$8�AB%�%(+*?$8�A-,M�09*8-At�!�(GL7L>�A-8B<$86 ` �
��� H���� �"!�#��A$�L�! *.!iHI69010l!�L>o !3(�B<�\�"M�$�[Z(�� HI01�AL>#"�I69(X*,���~-/�
!3$8�A!"-�69(h*,�G�gEpM>*,M�$8��T

��¤ ����������i���������������?¦������¥�§
�	������ �e��¦�?�
+¥�


�:V]H�!�-iB%$,�+-,-,�AL ` �7*,���hRZ���\R��"(�^ G� x"�>V N ^_�AB�T
VA¾+SX��E]a�c�c3dY! *D!����%0169�"$8!"L>61MG-����w¨3d�T cYzI|v!3(GL�!��G�<@
0169�"01!3*,69*,MGL>�����w�_x3dGT1V�� 7���»yµ-?�¸Y¸<»7¼ ¹9½1t]a3c"c"�>s >J¸�;��"¸<·�¸%»
¼ ¹1½1tia�c�c+�>s���>·C¹1¼%¶+¼	¸<»�¼3¹9½1tra3c"c"�>s����>·�?�¸%» »n¼-? A �!�>·C»#"Zt
a3c"c"�@C T������\�ZM�(GL>$8�AL>@QEp�"01L]61(GB<$8�A!"-/�I61(n�%(G�%$8#��<*861B\=G!3$,*,62B<01�A-
-,�%�%(�69( K 62LZ@{a3c"c"a>tG*,�"#��<*8���%$_HI6}*8��!bL>$8! K ! *,62Bi$8�AL>M�BC*,61��(
61(�*8���%61$n$8!"L>62!30�!3(�62-/��*,$8��=Z��t�01�AL$�F·&%('!%}¶)%+*D¸<»F¼3¹9½ 7 a3c�c"x@C
*,�e-/MG#�#��~-{*J!3(�*8���h�\R��G!�L ` �%�A(�B<$8�"-8-,�AL�!3(�L�01!3*,�A$F$8�<@
B<$8�"-8-,�AL�T j � H��%o"�%$~t3*,�G� K !3#"(��<*861B\fG�%02L�t>�~-/=��AB%61!�0901�n! *�*8���
-,�AB<�"(GL ` ��M�(GLG!3$8��tWH�!"-m(���*�B%��(G-,61-/*,�A(+*'HI69*,�r*8���A-,� ` ��MG(GLZ@
!3$861�A- ` �%61(�#D*8�����\R 7,�-�>·C¹9¼%¶+¼�¸<»r¼ ¹1½1t�a3c�c"x�s/.:¸0*1*b¸<»i¼ ¹1½1t
a3c"c"�@C Tm&)(F$,�%*,$8�"-,=��~BC*~tA*8��62-'�Ao��A("*�H�!"-�0161[��%01�w*,���UEp��$8�A-,���>B.[
` ��M�(GLG!3$8�<7 >J¸�;��"¸%·:¸<»�¼ ¹9½32'a�c�c"�@C T

�:Vg�G!"-�$,� K !361(��AL�69(h*,�G� j R j t>*,���r-,���>B.[��~LbRZ����M�*/@
-,61L>�X*,���h�\Rlt'MG("*8690�! *F09�~!�-/*F^PG��a3d E���E\a�c�c+� N ! *:*,��62-
HI$86}*869(�#ZSCT ����61-h-,�ABC*869�"(	-/M KJK !�$,61q%�~- K �A!"-/M�$8� K �A("*.-X��E
�%(G�%$8#��<*861Bw=G!�$/*861B%09�~-I!3(GLb=�02!�- K !FH�!Wo��~-U!3*\�:VwEp$8� K K 62LZ@
a3c"c"a_*8�r*,�G�_�\RnB%$,�+-,-,69(G#Gt���Em�%(��A$,#"�<*861BI=�!3$,*,62B<01�A-�!�(GL�RZ�
! *_�wa]Ep$8� K a3c"c�xJ*8��L�! *8��tl!3(GL�L>�A-8B<$86 ` �A-?=�$8�AL>62BC*869�"(G-\��E
HI���A(e�gahHI69010�B%$,�+-,-w*8���X�\RlT'4�!3#�(G�<*,62BFfG�%02L�L�!3*8!bEp$,� K
�:Vg61(h*,���:RZ� !3(�L j R j !3$8�iL>62-,B%MG-,-,�ALb61(7R>�ABC*869�"(hxGT

�����n�\R�61-gHI�G�%$8�]*,����RZ��=�02!�- K ! K !3["�A-g69*8-g*8$8!�(G-,6}@
*,61��(�Ep$8� K -,M�=��A$/@_*,��-,M ` @ K !3#"(��<*8�"-,��(�62BJ�G� HiT7�����bRZ�
=�02!�- K !�62-hB%� K =�$8�A-8-/�~L�!3(GL����A!3*,�~L	!3(GL	*,��� K !3#"(��<*861B
fG�A01L�-/*,$8�%(�#�*,�Y69(GB%$,�~!�-,�A-ATY�'��=�$8�%=G!�$,�bEp��$]*8���7��� �"!�#��%$
�\R��%(GB%��M�(+*,�A$8-At-45¼@?5� 79VA¨"¨�¨-C�$8�%oZ61�%H��AL�*,����=�$8�AL>62BC*869�"(G-

��E�*8���n(G! *8M�$8�]!�(GL�09�>B%!3*,61��(e�3EU*,���X�\RlT�R>69(GB%�]*,���X!Wo"�%$,@
!�#��J-/=�61$.!30 K !3#�(G�<*,62B:fG�%02L�MG=G-{*8$,�~! K ��E�*,���n�\R�61-g!�09�"(�#
*8���76w��! ;>62- N HI���%$8���Å62-]��M>*{H�!3$.LeEp$,� K *,���DRZMG(Y!�(GL
��62-i69(�*8���X-,��02!3$i��O+MG!3*,�"$,62!305=�02!3(��X!�(GLe=��+-/69*,61o��n61(e*,���
L�69$8�AB<*,61��(��3Ei*8���eR>M�( I -�$8�3*.! *,61��(�SCt�*,�G���\R�62-X�%;Z=��AB<*,�~L
*8� ` �g!JO+MG!�-,69@ =��%$8=��A(GL>62B<M�02!3$�-,���>B.[�T j � H��%o"�%$~t��A(��%$8#��%*,62B
=�!3$,*,62B<01�A-J!�B%B%�%01�%$.! *8�AL���$F$,�%@y!"B%B%�%01�%$.! *,�~L�! *F*,�����\R�!�(GL
=��"-8-,6 ` 01��61(�*,�G�r*,MG$ ` MG09�A("* j R j BA!3(7=�$8��=�!3#"!3*,�g61("*8�]*,���
MG=G-{*8$,�~! K $8�%#"69�"(mT������%(�*,������� �"!�#��A$b-,=G!�B%�AB<$.! E�*�!3$8�
(G�A!3$�*,���w�\RX!�(GLnB<�"(�(��AB<*,�~L]*,�F6}* ` �:*8��� K !�#�(��%*,62B�fG�%02L�t
K �~!�-,M�$,�~L�=G!3$,*,62B<01�r61(+*,�%(�-/69*,61�A-w!3(GL7!�(�62-/��*,$8��=�61�A- K !W� ` �
B%� K =G!�$8! ` 09�U*,�g*8���"-,�\! *�*8���\�\RJ69E�=�69*8B.�n!�(�#�01�\-,BA! *,*,�%$861(�#
62-w69(�Ep$,� O"MG�%(+*w� o"�%$?*,���]B<�"(�(��AB<*,61��(�09�A(�#3*8��!3(�L7=G!3$,*,62B<01�A-
BA!3(�*,$.!Wo��%$.-,�\*,�G61-�01�%(�#�*,� ` �%Ep��$8� ` �A69(�#nB%��(Zo��~BC*,�~L�-,���>B.[+@
H�!3$.L�T G?*,���A$,HI62-/�"t361("*8�%(G-,69*,61�A-�!�(GLF!�(�62-/��*,$8��=�61�A-�� ` -/�A$,o"�AL
!3*U��� �+!3#��A$�HI69010 ` �w$,�~L>MGB%�AL]$8�%02! *,61o��\*,�r*8���"-,�?!3*�*,�G�_�\RlT

��¤/£ � £ ¦98�:<;>=@?BADC@EGFIHJ:KEGH�CML-;��NEGOPEQHJERC)STF/U
C@LJ;³��

��61#�M�$8�A-�a_!3(GLJxg-/�G� H��%(��A$,#"�<*861BU=G!3$,*,62B<01��� ` -,�%$8o ! *,61��(�-
!3*h�FV�Ep$8� K a�c�c"a�*,��$8��M�#"� K 62LZ@)a�c�c+�>T�������MG=G-{*8$,�~! K
N =�$8�<@)�\R]B<$8�"-8-/61(�#+S�61(+*,�A$,o !302-�L>�A(��3*8�ALX!"-�z�!�(GL���61(X�'61#3@
MG$,�na N !"S_!3(GL�!�-g�\R u V]!3(�L��\R u a N ���A$ K 61(G! *869�"(eRZ���>B.[
u !�$/*861B%09�~-8S�61(]��61#�M�$8�Ix ` B<�"$,$8�A-,=��"(GLr$8��MG#���01�i*,�w*8���\-,! K �
*{H���=��%$861�ZLG-%T�&)(+*8�%$8oW!�0Izw± �\R u V���!�- ` �A�%(�!3(G!�09�Zq%�~L�61(
L��<*8!�690�7 �F·&%('!%}¶)%+*�¸<»J¼ ¹9½1t\a3c"c�xGs 9<;/>Fµ-?�¼ ¹3A�¸%»F¼ ¹9½1tIa3c"c�xGs
�-�>·C¹9¼A¶"¼�¸%»r¼ ¹9½1t�a3c�c"x�!-CU!3(GL�-{*8MGL>���3E\61(+*,�%$8o !30\�I± �\R u a
B%��(+*,61(ZM��A- 7!9<;/>Fµ-?�¼3¹BA:¸%»�¼ ¹9½1t+a3c�c�dGsV�F·&%('!%}¶)%+*\¸<»'¼3¹9½1t�a3c"c3d�t
a�c�c+�DCyTU^_M�$,61(�#n*8���A-,�r=��%$869�>L�-AtG02!3$8#��i61(GB%$,�~!�-,�A-�61(�*,���F69(>@
*8�%(G-,69*,61�A-h!3(GL�61(	*8���e69(+*,�A(G-,6}*{��o !3$861!3*,61��(G-��3EXWId+c�[��A�
61��(�-?!3(�L W?a3¾]["�%�À�A09�~BC*8$,�"(G- N (��3*g-/��� HI(�SI!3$8�r� ` -/�A$,o"�AL
!"-F!�$,�b01!�$,#"�b!�(�61-,�3*8$,�"=�61�A-r61(�*8����!3(�#"M�01!�$JL�61-/*,$86 ` M>*,61��(G-
��E�d"c][��A�³*,�bx�cn47�A�À61��(G-AT�&)("*8�%(G-,69*,61�A-\��E�09� H��%$\�A(��%$8#��
61��(�- N d+c�*,�ZYg�3c"c�["�%�gSn61(GB<$8�A!"-/�~LY!"B<$8�"-8-]*,�G���\R�!�(GL
*8���%61$g=�$8�3fG01�A-w61(D*,�G� j R j $,� K !361(��AL�$,�A01!3*,61o��%01�h��! *r!�(GL
- K �Z�3*,�JB<� K =�!3$8�ALg*8�?*8���"-,�U61(r*8����-/M�=��%$.-,��(�62BU-,��02!3$'HI69(�L
N R�RZ��S<T�&)("*8�%(G-,69*,61�A-]�3E_��69#"���%$J�%(G�%$8#���69�"(G- N W?��c�cD["�%�gS
!�(GL��%01�AB<*,$8��(G- N W?a3¾]["�%�gSI!3$8�r!302-/�n$8�%02! *869o"�%01�b- K �+��*,��61(
*8��� j R j t ` M>*_B%��(+*,61(ZM��g*,�n61(GB<$8�A!"-/�i-/*,�~!�L>6109�"t�L>MG�i=��+-,-,6}@
` 09��*,�nL>�AB%$,�~!�-,69(G# K �>L>M�02! *869�"(b�"$�*,�n61("*8�%(G-,69*{�X#�$.!�L>61�%(+*.-
61(	*8��� j R j T�|?=G-/*,$8�A! K !�(�#�MG01!�$bL>62-{*8$,6 ` M>*869�"(G-b�3E:61��(G-
-,��� H��ALeM�(�62L>61$,�~BC*869�"(G!30 t�fG�%02LZ@)!30169#"(��AL ` �A! K - 7 >J¸�;��"¸%·b¸<»
¼3¹9½1tma3c"c3d-C�L�69$8�AB<*,�AL K !�69(�01�h��M>*{H�!3$.L�!WH�!W�nEp$8� K *,�G�F-,M�(
61(�!�(��~!3$,@y!�q%6 K M>*8�G!30�L>61$,�~BC*,61��(�t�6QT ��T1tU!�09�"(�#�*,���b@y� ! ;>61-
N ��69#"M�$,�~-Ia Np` SU!�(GL�x Np` S,SCT�^_� HI(G-/*,$8�A! K !�(�62-/��*,$8��=�61�A-�!3$8�
K !�$,["�AL>01��$8�AL>M�B<�AL�B%� K =G!�$,�~Le*,�7*8���"-,�XM�=G-/*,$8�A! K T�z\(>@
#"M�02!3$IL>62-{*8$,6 ` M>*869�"(G-I�3E�09� H�@y�%(G�%$8#��n61��(G-�61(h*,���:R�R>��!�(GL
j R j �G!Wo�� ` �%�A(DMG-,�AL7�~-{*86 K ! *8�r*8���:=�02!�- K !]�G� H¬-,=��A�AL�-
-,��� HI(761(���69#"M�$8�Fa N E8S�7 >F¸�;1��¸%·J¸%»?¼ ¹1½1t�a�c�c+�>s��F·&%('[%}¶V%+*n¸<»
¼3¹9½1tUa�c�c"�@C T�¡�-/*,6 K !3*,�~-r�3EI*8����$.!�L�61!�0UB<� K =��"(��%(+*F��EI*,���
j R j =�01!"- K !r�G� H�o��A09�>B<69*{� ` !�-,�ALX��(n*8���A-,�_L�!3*8!F!3$8�_L>62-{@
B%MG-8-/�~L�61(DRZ�AB<*,61��(7x�T

 ��%Ep��$8�:*8���]�:V]� ` -,�%$8o ! *869�"(G-%tlH��F�%;>=��~BC*,�~L�*,�G!3*g=�!3$,@
*861B%09�w-{*8$,�~! K 61(�#r!301��(�#r*,���_69(+*,�A$,=G01!�(��<*.!3$8� K !3#"(��<*861B�f��%02L

d



101

102
 io

n
s/

cm
2 -s

-s
r-

M
eV

 
A B C D

 Ions 
 40-53 keV 

10-3

10-2

10-1

 p
ro

to
n

s/
cm

2 -s
-s

r-
M

eV
 

 protons 
 3.4-17.6 MeV 

-0.3
-0.2
-0.1
0.0
0.1

A
1/

A
0

J > 0.0025

10-1

100

 e
le

ct
ro

n
s/

cm
2 -s

-s
r-

M
eV

 

 electrons 
 0.35-1.5 MeV 

300

200

100

0

-100 V
R

 (k
m

/s
) 

   
   

   

2005.02004.02003.02002.0

PWS plasma oscillations 

TS
 crossing 
2004/351 Estimated 

convection speed 
 (radial comp.) 

T

R

(a)

(b)

(c)

(d)

(e)

(f)

���������
	���������������������� !�"�$#&%('*)$+",.-/-/,10 -.23,�-�-5460 798;:/<10 =.2
> 760 -@?BADCE0�8;�/CEF�8HGICEFJ�.)K�L8;��CEMON��.PEQ1+.%(R/#�)��&2SPTR.%U%(VTPW (VX�YF�ZUPX��)&2
�X[5VW%!�.+/VX�\4�2]���T^_ZU`aR6R� (b$VX�@����'dce^12]��[/VW%!��+�VX�f'd)6 (VT)�ZU'e ('dVTZgR.h�=5-�2
4�<gQ5VW�i'*R�)�ZTF$<&0 =.2!�X710 jlkmVT�on$%(R� (R�)�ZTF&�.)K�
-&0 <54X2(�/0 4lkmVW�pVWc*VWPW2
 U%(R/)$ZT0q8HP�CEM\rs'e%(Zt U2]R.%!�$VW%m��)$'dZUR� U%(R/n6^u[5VTPW (R.%mvxwEyWz|{_R.h}n$%(R.2
 (R/)~P!bK�.)�)$VTc�'d)o8HGIC���b�VW)9 (b$V
'*)6 (VT)$ZU'e 3^���-&0 -/-/,/4_��#$�f#�)$'d (Z
8H'd)�ZUVW }ZUb$RX��Z�R.%('dVT)6 !�. ('dR/)fR�h�����)��f�lCE0��Lb�'dZUQ5VW%(ZgZUb$R����&'e2
%(VTPW ('dR�)\ (bK�� ln��.%U ('dPTcdVTZl�.%(Va U%!�X[5VTcd'd)�+&0f8HVXCEM�N�c��.PEQfGK��%(Z�ZUb$RX�
 ('d`aVTZB��b�VT)" (b$V}�l�}�J�p�"�$VE (VTPW (VX�mVWc*VWPW U%(R/)_n�c*�.ZU`
�OR/ZUPT'dcdc*�.2
 ('dR/)$Zx�;���&�!�Y�E�H�O���I�f�D�&�!���6FB,�-/-/4��;0�8�h!CEM"��Zt ('d`
�� (VX��n$c*��ZU`
�
%!�/�&'*��cK�KRX�uZUnIVTVX���I�@G���ZUVX�
R/)
=5-�23,/,�-}Q5VT�i'dR�)m�.)�+/#$c*�.%B�$�. !�
��)�����[5VTcdR6PT'e 3^�VW�1 U%!�.PW ('dR/)"�.cd+/R�%('e (b$`��e�D�E �¡l *¢� �£D�E����¤*¥*F$,�-�-54��;0
N�R�#�)K�&Z|R�)@� � �&#$%('d)�+anIVE%('*R1�x?��.)K�m (b$VgZUVTPTR/)��"bK�.cdh�R.h�nIVE2
%('dR1����8S,�-/-.=$0 4�j�23,�-/-.=$0 7�:/C��.%(V�'d)K�$'dPX�� (VX�}G1^| (b�V�PW%(R/ZUZt2SbK�� (PEb$VX�
%(VTPW !�.)�+�c*VWZ��.)K��`aVX�.)�Z���%(V�ZUb$RX��)OG6^� (b$V�b�R.%('d¦TR/)6 !��c$GK��%(ZT0��l�
k"?�§L[5VTPW (R.%����. !����VW%(V�#�ZUVT�l'd)� (b�VB� � VE�& U%!�.PW ('dR/)a�.cd+/R�%('e (b$`
h�R.%l (b$V
nIVW%('dR1�9,�-/-.=$0 -/-�-.23,�-�-5460*�Tj�=&0~¨�R.%('*¦WR/)6 !��c�GK�.%(Zl�$#&%('d)�+
,�-�-5,60 -.=$�E2t,.-/-/,10d��7�,9�.)K�~,.-/-�<&0 ,/4�7�23,�-�-/<&0 </,/,~�.%(Vah©%(R�`ª�D�E �¡�«
 *¢� �£g�E�B�/¤*¥�� ,�-/-�<.�;0

¬;(®�¯�°�±Y²�³!´EµW¶�·&¸º¹&»B´E¼Y¶"³E¼Y¹I½T¾\³E¹&±YµT½�¶�¿|¹$±YÀ©Á9Â�¶�Ã�ÄK¿D·1µTÁ
·1À©¹&Ä�Å�´W¼Y¶g³!²YÃ©µT·1À$Æ�¶.À�ÁJÇBÈD¼Y¶�¹&Â�³E¶.µWÉ&¶/Á
¹&±Y´(¿�·&µWÁ
³!´EµW¶�·&¸"Ã�ÄYÅ
µW¶�Ê�±YÃ©µE¶/³�´W¼Y¶a·&½�½�¶.À©¶.µT·6´WÃ�¹$Ä_µW¶.Å&Ã©¹&Äu¬H´W¼Y¶
È}ËY°�´E¹"ÂÌ¶
³!¶�É&¶.µT·1À
ÍgÎ ½�À©¹$³E¶.µ�´W¹O´E¼Y¶�ËK±�Ä�´W¼�·1Ä"Ï�ÐD·&Ä�ÁmÃ�Äm´W¼Y¶�ÑlÈpÁIÃ©µW¶�½X´WÃ�¹$Ä�Ç
ÈD¼Y¶Ò³!²�Ã�µT·1À�(®9¯q½�µW¹$³W³E¶�³O´W¼Y¶\È}Ëp·1Ä�Áo´E¼Y¶�ÄpµW¶�½.µE¹�³E³E¶�³aÃ�´
·1Ä�ÁiµE¶.´E±YµWÄ�³�´E¹�´E¼Y¶~ËKÓÔÂÌ¶�»;¹$µE¶fµE¶/·&½T¼YÃ©ÄYÅ9Ï�Ð&Õ�´W¼K±�³
´W¼Y¶
¸x·1Å$ÄY¶�´WÃ©½�Æ�¶.À�ÁfÀ�Ã©ÄY¶O½�¹&Ä�ÄY¶�½�´W³�Ï�Ð�´E¹�´E¼�¶OÈ}ËJÇKÈD¼�Ã©³DÅ$¶.¹&¸mÖ
¶�´WµE×ÒµW¶�Ê�±YÃ©µE¶/³l·@ÄY¹&ÄYÖt³E²Y¼Y¶�µEÃ�½.·&À�È}ËsÇBØIÙ/Ú6Û ÜÌÛHÛ}Ý.Þlß6à©á_â ã1ä&ä&å1æ
³E±YÅ&Å$¶�³!´E¶�Á9´E¼�·1´O´E¼Y¶xÄY¹�³!¶m¹1»|´E¼Y¶xÈ}Ë�Ã©³�çÌ·6´!´W¶.ÄY¶/ÁLÁI±Y¶m´E¹
´E¼�¶è²YµW¶�³W³E±YµE¶è¹1»
´W¼Y¶LÃ�Ä�´W¶.µT³(´W¶.À©À©·&µf¿gÃ©Ä�ÁJÇ Í À*´W¶.µWÄ�·6´WÃ�É$¶.À©×&é

2002.5 2003 2003.5 2004 2004.5 2005 2005.5

ê�ëXì�ímî
ïñð�ò�ó;ôDõ�ö]÷6ø(ùT÷�úUûeø(ûdùTúBü�ýJþ�ÿ���ú���ö]÷�úUùWø�û�������útø��
	�ø(ùTú�ø��$ù
ø(ù��dùTú�Tü��Iù��1ûdù���ûd÷����$û��(ù�Wø(ûdü�÷�ú����(ü��3ù�Wø(ù��xûd÷6ø(üOø���ù��! ]þ"���#	.÷�ù��
�$	��Uø(û���dùlø(ù��dùTú�Wü��IùTúgô%	.÷&�('*)aù�	�ú����(ù,+-� +� /.-� 021mù�3%���(ü�ø(ü�÷�ú
útø��(ù�	4)aûd÷��@ü��&ø/�5	��
�6	4�dü/÷��fø���ù�ú���û��
	4�!)7	��/÷�ùEø(û879Kù��#�9ûd÷�ø��$ù
 3þ*�&û��(ù�Wø(ûdü/÷(	�÷���ø(ù��dùTú�Wü��Iù;:iü4<�úUù����/ùTúBø���ü/úUù=)aü>�1ûd÷���ûd÷mø��$ù
ü����Iü�úUûeø(ù?�&û��(ù�Wø(ûdü/÷@�xþ5��ù
ûd÷1ø(ùW÷�úUûeø/Afü�ýCB�� D� /B-� .E1mù�3F���(ü�ø(ü�÷�ú
ü�<�úUùG���5ù��H<IAèø(ù��*ùWú�Tü��Iù\ô�û*ú�ú���ü���÷J�!��ùW÷Lø���ù(<&	�GK-�4�(ü4��÷��
Tü4���(ù�Eø(û*ü�÷6�5	�ú�LNM�BPO7�Q3�R7��(ü/úUúUù��~ø���ù
ú��$üIGKS	.÷&�ÒùT÷6ø(ù��(ù��
ø���ù2TDÿ�T ü/÷JU�B�B�V�� W�MióYXDù�4�%R�M5õG� óZ'�õOôC[Tû�);�&ø��&	��Bútø��(ù�	4)\ 
û*÷��~ûd÷&�$ùG]J	�ú�ûd÷&�&û8�	.ø(ù��H<IA�ø���ù^�
	.ø(ûdü9ü�ý}ø���ùE	��5ù��
	��/ùE��	.û���A
û*÷6ø(ùT÷$úUûeø/A�ûd÷Lø(ù��dùTú�Tü��IùWúmô_	.÷&�H' ø(üÒø���	.ø�ûd÷*:C�5`C��útø��(ù�	�)
ü�ý�ø��$ùOú���üI
Kxø���ù��(ù���ù��(ùOøa��üb�Iù��(ûdü-�$úgü�ý5����útø��(ù�	4) ù���ûdúUü-�$ùTú
ü�ýOùW÷��&	.÷�Tù��pûd÷6ø(ùT÷�úUûeø(ûdùTú~ó;þ�ÿ��!Rc	�÷&�pþ�ÿ��dU/õ2�����(ûd÷��e�!��û�
�
útø��(ù�	4)aûd÷��b	�÷$ûdúUü�ø��(ü��IA(�f	.ú���ú���	4����Ag�8	>���/ùh	.÷&�()7	�ûd÷���A_ûd÷@ø��$ù
 3þ*�&û��(ù�Wø(ûdü/÷@��þ5�$ùgútø��(ù�	4)aûd÷��\	�÷�ûdúUü.ø��(ü��IAmûdú!);��G��ú�)7	4���dù��|ûd÷
ø���ù;TDÿ�T��i1mù����/ù��fö3÷6ø(ù��
	�Wø(ûdü/÷g�|ù���ûdü/÷�úaóY�8	�<Iù��dù��c1xõ�	>�(ùOûd÷� 
�$û��	.ø(ù��\ójU4B/õG�gój:Bõ�ö3÷6ø(ùT÷�úUûeø(ûdùTú�ók9&�5ùG /��	�A7)aü��1ûd÷��;	��5ù��
	4��ùTú!õ�ü.ý
l R�B21mù�3 ù��dù�Wø��(ü�÷�ú�	�÷�� l +�D21mù�3mT,��þ5��ùWúUùaû*÷���(ù�	.úUùTú�	��(ù
útø��(ü/÷��4��A(Tü4���(ù��8	�ø(ù��g	.÷&�xü�ý�ú���ü��Uø(ù��������
	�ø(û*ü�÷@ø���	�÷"ý©ü4���dü���ù��
ùT÷�ù�����A�T,��óYX}õ�ö3÷6ø(ùT÷$úUûeø(û*ùWúgók9&�5ù� a��	�A\)aü��1ûd÷��;	��5ù��
	4��ùTú!õ�ü�ý$T|ù
û*ü�÷�úC	�÷��mü�ýdn�:o��úN��ûeø��(pfqC.4B71mù�3sr.÷-��4��þ5�$ù�T|ùgûd÷1ø(ùW÷�úUûeø/A
û*úN����ùs)7	.û*÷���A�ø(üOôC:o��ú��

t�uJv#u@w>xyv#u{z�|Jvyu�}�z�~���}�z�xyxyt�~��^t-��u{z>}�vyw^�iz�xk|*w>���{xk|Jw�t-�@�
zEt�u
t��
�&�2�2z>}�~Gvkw�t�x&|{vy�
}G��~
}�v#��u��-�@}G�{z��G�{��w��(� �,�I�j�P�j���f�j�>�=���o�-�#�y�
�������I� t-u@|S�{~��&|{�iw>zh}��{z7~�z4���{vy~Gz�|c��z4���2z>}�~G���s�=z4w>z4u�}����� 
�Gz�~�¡ItI}�v#��ui�ht-ui|H�2��|�z4x#vyu{�e�G�{����z4�
}h}G�it-}7}G�{zE�{z�xyv#���
�i�{z�~�z
�^tP�J�¢zQ���{v#}GzSt��
�&�2�2z>}G~�vkw-�!£�v#}G�¤}G�{zc¥=¦*�Z�{~
}��{z�~?�Z~����
}��{z7¦&�{ugv#ug}G�{zh|�vy~�z4w�}�v#��u(�-�o§ �2¨ �Gz�zh¦&z4w>}Gvy��ug©��Z��~st?|�vk�� 
w��i���
vy��u?�-�ª}G�iz=t��G���2�2z>}�~G�{«>�o¥s�&�i�4��t��!|�z4|{�iw>z�|��Z~����¬}G�{z
¥=¦{®���i�Gz�~�¡ItI}Gvy��u@���¯§ � £C���{xk|6�¢zEw>��u{u{z�w�}Gz�|°}G�c}G�iz(¥=¦
�&�^}��{zh±�²e³"x#��u{�2�@z��Z��~�z\w�~G���G�Gvyu{��}��{vk���@���{ui|{t�~G���
³ovy���{~�z=©��G�{�I£=�!}G�it-}N}G�iz�z�uiz�~���z>}�vyw�´mt�ui|^´=z;�
�¢z4w>}G~�t

�@tP¡�z;}G�{~�z�zh|�vk�
}Gvyuiw�},w����2�¢��u{z4u�}��sv#uQ}��{z7´,¦�´��@¥s�{z7¥=¦{
w����2�¢��u{z4u�}7|����2v#uit-}Gz��htI}7xy�I£Cz4~;z4u{z�~���vyz4�4�¶µ,·C�=�h|{���2v8 
u@tI}Gzb}G�iz?´�z?w����2�@��u{z�u�}htI}\v#u�}�z�~��?z�|�vktI}Gzbz�u{z4~G��v#z����$t�ui|
¸ ·C����|����2vyuitI}�z;t-}s�iv#���{z�~sz�uiz�~���vyz4�4�o¹�z>�Z��~Gz;§ � w>~������Gz4|

º



*,�G���\R�t�*,���7�\R�H�!"-F*,���"M�#��+*]*,� ` �b*8���Dz?���Á-/�"M�$8B%��T
������=G$,�~L>61B<*,�~Li-/=��AB<*,$8M K !3*'!I-/*,$8��(�#\�\Rg-,���>B.[ N *,����B%� K @
=�$8�A-8-/61��(�$.! *869�D!"B<$8�"-8-w*,����-,���>B.[lt�!�01-,�DB%!�0901�ALe*8���b-,���>B.[
-/*,$8�%(�#�*,�mt��[��d+S�62-w-/��� HI( ` �b*,���JL�!�-,���ALh0169(G�F!3(�L7! *_!
H��A!3[��\R N ��� a�� d+S ` �7*8����L>��*/*,�~L�0961(��"t'�����~-/�X-,=��~BC*8$8!
H��%$8�\L>�<*8�%$ K 61(��~L]Ep$,� KÀK �>L>�%0�f�*.-�*,�r*,���\��� �+!3#"�%$�� ` -/�A$/@
o ! *869�"(G-_L�M�$,61(�#b*,��� K �"-/*_$8�AB%�%(+*w-,��02!3$ K 69(�6 K M K 7��B�@' =
'[% ?+¶V*r¸%»�¼3¹9½1t�a�c�c+aDCyT

�����\�\R u �A(��%$8#��F-/=��AB<*,$.!i!3=�=��A!�$�*,� ` � ` $8��["�%(J=�� H��%$
02!WH\-�*,��! *�BA!3( ` �?$8�%=G$,�~-/�A("*8�AL ` ���!���
	 N������������� S��_Ep��$
����� 	?!3(GL ` ���!����	 N�� 	 ����������� S �!�#"%$'& N��(�)��������� S�$�Ep��$
� W � 	�t�HI���A$,� � 	J61-_*8��� ` $,�~!3[��%(G�%$8#���Tg����62-g-/=��AB<*,$.!30
Ep��$ K H�!"-�fG*U*8�FL�!�6901�n!Wo��%$.!3#"�ALJ=�$8�3*8��(X61(+*,�%(�-/69*,61�A-AT�^?M�$,@
61(�#�*,����M�=G-/*,$8�A! K �\R u �%o"�%(+*8-At'*,����-,=��ABC*8$8!�0�-,09�"=��nH�!�-
o !3$861! ` 01��t�*{�Z=�62B%!�0901��$.!3(G#�61(�# ` �%*{HU�A�%(�@.Vr!3(GLh@{a]!�-?=�$8��=>@
!3#+! *869�"(�B%��(GL�6}*869�"(G-bB.��!3(�#"�AL�!301��(�#�*,��� K !�#�(��%*,62B�fG�A01L
0169(��7B%��(�(��~BC*869(�#��FVb*8�e*,���D-,���>B.[lT������ ` $8�A!�[��%(��A$,#"��t
��� H��%o"�%$~t3-/��� H��ALF016}*,*,01�\o !3$861!3*,61��(]!3(GLJ62-5*,���\-8! K � ` �<Ep�"$,�
!3(�Lb!3E�*,�%$\*,���i�\RltG-,M�#"#��A-/*,61(�#F*,�G!3*\6}*\62-\!]B.�G!�$8!"BC*,�A$,62-/*,62B
�3E�*,�G�r�\R�-,��M�$.B<�"T

�����J-/=��AB<*,$.!X�3E�*,���J�\R u 61��(�-?61(7*,�G� j R j !�$,� K MGB.�
01�A-8-_o !�$,62! ` 01��t�HI69*,��! K �~!3(e-/=��AB<*,$.!30�-/01��=��]! *i09� HÀ�%(��A$/@
#�61�A-(*,+7W��.-iV/� d�Vr!3(GL�!3(D$ K -?��E�c�T1V~�JEp�"$?*8���F=��%$861�ZL
a3c"c"�+± ¨�c3@8VW�3¾GTm�����i-{*8�A!�L�69(��~-,-���E�*8���r-/=��AB<*,$8M K -,M�#�#"�A-/*8-
*,��! *X*8����-,=��~BC*,$.!30_-/�G!�=��762-X0169*/*,01��!3���~BC*,�~L ` � K �>L>M�02! @
*,61��(�61(e*,��� j R j t�!�-g�<;>=��AB<*,�AL 7!0>µ �V% 1�%(%w¼-? A9��%k¼ ;.¼ ¹9µ-?�¸%t
a3c"c3dFC TJ�����n-/���>B.[D-/*,$8�%(�#�*,�2�bBA!3( ` �XL>�%*,�A$ K 61(��AL�Ep$,� K
*,�G�?-/=��AB<*,$.!30�-,09�"=��"t�� � N a)+43�a�S �>N a�+5-7V~SCTm���G�I� ` -,�%$8o��~L
K �A!�(�!3(�L�$ K -_o !�09M��~-_Ep��$6*7+	WÀ69(GL�61BA! *,�J*8�G! *g*,�G�]�\R
-/*,$8�%(�#�*,�g61-�a�� ¾�8 	
9 :" 	�9 ; T����ZMG-�*8�����\Rw62-mH��A!3[?HI���%(r!Wo"�%$.!3#��~L
� o��A$�*,���r*,6 K �~-,BA!301�iEp��$_�\R u !�BAB<�%01�%$.! *869�"(mTU���G61-_!Wo��%$.!3#"�
-,���>B.[g-/*,$8�%(G#3*,�:61-�B<�"(G-/62-/*,�%(+*�HI6}*8�r*,��! *569(>Ep�A$,$8�ALiEp$,� K *8���
�:Vi4Dz 5 L�!3*8! 7 R>�ABC*869�"(7x�s �-�>·C¹9¼%¶+¼b¸%»I¼ ¹9½1tla3c�c+�3!-C T

�wa�H�!�-]! *X���i©3¾�T E�zI| !3(�LK� �gR�a3¾GT9V ���"(YLG!W��V�E�c
�3E\a3c"c"��TJ�gabHI69010�� ` -/�A$,o"�]!�L>69�l�%$8�%(+*r$,�A#�61��(e�3EU*,�����\R
*,��!3(D�FV N ���w¨�dGT cnzI|À!�(GL ���w�_x3d�T9V � ! *?*,���J�\R7B<$8�"-8-{@
61(�#+S<Tb�e��HI61090�B<� K =�!3$8�J�ga7�\R u -,=��~BC*8$8!�HI69*,��-,=��~BC*8$8!
Ep$8� K �:Vn61(�*,��� j R j *8��L>�%*,�%$ K 69(G�X6}E\!DB%� K]K ��(��\R u
-,=��~BC*,$8M K 62-U!FB.�G!3$.!�B<*,�A$,62-{*861B\�3E�*,�G�w�\RlT>z?(+�nL>69�l�%$8�%(GB%�A-
B<�"M�02L ` �r61(GL>62B%!3*,61��(G-\�3E�L>69���A$,�A("*wB<��(�L>6}*869�"(G-?!3*I*,���:*{HU�
-,���>B.[X09�>BA! *,61��(�-%T

��69#"M�$8�F�n-,��� H\-?L�!3*8!n(G�A!3$?*,���J�\R7B<$8�"-8-,69(�#n�"(�^ G��
x"��V�TU&)(D�'61#�MG$,�F� N !+SU*,���r61��(D!�(GL��%01�AB<*,$8��(7!3(G#�M�02!3$\L�!3*8!
��(�^ G�� x"��c�-,��� H®!���61#���01��!3(G61-,�3*8$,�"=�61B�-/�G�ZB.[	-,=�61[��
61(�*,����6 K]K �AL>62! *8��M�=G-/*,$8�A! K oZ62B<61(�6}*{���3E]*8�����\R N *8���
�\RhB<$8�"-8-/61(�#J�%oZ62L>�%(+*,01���>BAB<M�$8$,�~LX�"(�^ G�Àx"�>V"tZHI���%(�(��
L�!3*8!DH��%$8��� ` *8!�69(G�AL�L>MG��*8��!�*,$.!�B.[Z69(G#D#"!�=�SCT�^_!3*8!�69(
*,�G�iM�=�=��%$\=G!�(��%0��3E N !"S�6 K =�01�b!]=�$8�3*8��(�!3(�62-/��*,$8��=Z� N R�x @
RG©�S,± N R>x<3gR�©3S�=wcGT ¨+a:L�M�$,61(�#X�G��M�$?c"¨�c"cJ!�(GLh*,�G�"-,�r69(�*8���
01� HU�A$\=G!3(G�%0'!�(D�%01�AB<*,$8��(D!�(�61-,�3*8$,�"=Z�>=wc�T1VA¾nL>MG$,61(�#X���"M�$
VA¨"c�cGT]���G61-i61(+*,�A(G-/69*{��-,=�61[��]62-iM�(ZMG-,MG!30�(G�3*r��(G09�7Ep�"$r69*8-
-,����$,*?L>M�$.! *869�"(D!3(GL�61(+*,�%(�-/� ` �A! K 69(�#�t ` M�*w!302-,� ` �~B%!3M�-/�*,�G��61��(G-h!3(�L	�%01�AB<*,$8��(G-b!3$8��-/*,$8�A! K 61(�#Y-/M�(ZH�!3$.L�!301��(�#
*,�G� K !3#�(G�<*,62BJfG�A01L�t�HI��62B.����(�^PG�«x+�3ch�G!�L�!�=�$8�3ª{�~BC@
*,61��(���(+*,��*,��� P ¡�� u -8B%!�(D=�02!3(��F*,�G!3*wH�!�-_01�+61(�#h(��A!�$,01�
!301��(G#g*,���_0961(��?-,�%=G!�$8!3*,61(�#r-,�ABC*8��$.-�xr!�(GL]dGT5z\02-/��t"61(XB<�"(>@

���X���m�
	@?ÌBA�^&n�'dPX��cBZUnIVWPW U%!�@R�G�ZUVW%([/VX�~'*)9 (b�V�¨g�1¨l0CA�b�V
ZUR/cd'*�_PW'd%(PWc*VWZ�'d)m (b�VgcdVWh� Dn���)�VWcs�.%(V}G���P!Q&+.%(R/#$)K�&2SPTR.%U%(VTPW (VX��'*R�)
8�D%Eg�XCJ'd)6 (VT)$ZU'd ('dVTZJh�%(R/`� (b�V��������\'d)$Zt U%(#�`aVT)6 X0CF| (b�VW%�nIR�'*)6 (Z
�.%(V
h©%(R/`� (b�Vm�HG��\'*)$Zt U%(#�`aVT)6 X0IA�b$V�ZUnIVWPW U%(#�`�R�h5A��$��Z�'dZ
�\G$%(R�Q5VT)�nIR���VW%�c*�X� ��'e (bLG&%(VX��Q9VT)$VW%(+�^�R�h�JD<&0 4ÒkmVT� h©R�%
n$%(R� (R�)�Z
�.)K���@b$VTcd'*#$`"0è?|�HG b$VTcd'*#$` �&R/`a'd)K�� (VTZ� (b�V�`a'*�&2
VT)�VW%(+�'dVTZ}'*)_ (b�V�%('d+/b6 }nK�.)�VTcHF���'d (bÒ§g�HG|Z}�� }b�'d+/b$VW%gVT)$VW%(+/'dVTZ
'*)fGIR� (bÒn���)$VTcdZT0KA�b�Van$%(VT�$'dPW (VX�f?|�HG�ZUnIVTPW U%!�x�� g (b�VaZUb$R6PEQ
�.%(V"ZUb$R���)�h�R.%��fZt U%(R/)$+u8ML#N�=6C��.)K���@��VX��Qo8ML#Ng,10 =6C�ZUb$R6PEQ
�POJ�1¡l¡� ��6¢�£}�E���/¤*¥dFK,.-/-/,��

´WµW·$³(´�´E¹�´W¼Y¶DÃ�¹$Ä�³.é$·1ÄYÅ$±YÀ©·&µ�ÁYÃ©³!´EµWÃ�Â�±I´EÃ©¹&Ä�³�¹&»Ìä�Ç Q<R5ÖTÐ&ÇSRg®~¶.Ï
¶�À�¶/½X´WµE¹$Ä�³�¼�·5É&¶gÂÌ¶.¶�ÄxÄY¶�·&µEÀ©×
Ã�³!¹&´EµW¹&²YÃ�½�´E¼�µE¹$±YÅ&¼m´E¼�¶lãIÇSRl×�µ
²�µE¶.ÖtÈ}Ëf·1Ä�Á\äYÇ Tm×Kµg²�¹�³(´EÖtÈ}Ë@²�¶�µEÃ©¹IÁY³�Ç
¯�Ã©Å&±YµW¶6T\³E¼Y¹6¿}³l¶.À©¶�½�´EµW¹&Äu²YÀ©·$³!¸x·f¹$³W½�Ã©À�À�·6´WÃ�¹$Ä�³"¬�U�·1ÄYÅ&Ö

¸�±YÃ©µ�¿D·5É&¶�³T°Ì¸"¶�·$³!±YµW¶�Á�¹$Ä�VXWZY�Q<R1äDÂK×�´W¼Y¶\[�Ó�Ë�Ã�Ä�³(´WµE±IÖ
¸"¶�Ä$´�â�]Z^�_a`ÌÝ.Þ3Þsß)`cbZd(^�_XÞPeKé5ã&ä&ä/R6æ3Çf[�À©·&ÄY¶�´T·1µW×}ÂÌ¹6¿u³E¼Y¹I½T¾I³
·&Ä�Á Ã�Ä�´W¶.µW²YÀ©·&ÄY¶�´T·1µW×�³E¼Y¹I½T¾K³�³!¹$¸m¶.´EÃ©¸"¶�³~Å$¶.ÄY¶�µW·1´E¶L¶.ÄY¶�µ!Ö
Å$¶�´WÃ©½�¶.À©¶�½X´WµE¹$Ä�³�Â�¶/·1¸x³�¿g¼YÃ©½T¼
ç�¹6¿i±Y²�³!´EµW¶�·&¸ñ´W¼YµW¹&±YÅ$¼a´E¼Y¶
ËIÓ ·&Ä�Á�Å$¶.ÄY¶�µW·1´E¶m¶.À©¶�½�´EµW¹&Äu²YÀ©·$³!¸x·\¹$³W½�Ã©À©À©·1´EÃ©¹&Ä�³�ÇmÈD¼�¶�³E¶
¹$Â�³E¶.µWÉ5·1´EÃ©¹&Ä�³�À�¶/ÁhgO±�µ!´W¼è·1Ä�Áhi�±YµWÄY¶�´E´"â�Ð
j/j�Q1æ�´W¹f²YµW¶�ÁYÃ©½�´
´W¼�·6´�¶.À©¶�½X´WµE¹$ÄO²YÀ©·$³!¸x·D¿D·5É&¶�¹$³W½�Ã©À©À©·1´EÃ©¹&Ä�³s¿�¹&±YÀ�Á�Â�¶�²YµE¶/³!¶�Ä�´
±�²�³(´WµE¶/·1¸ ¹1»�´E¼Y¶_È}ËsÇ�ÈD¼Y¶�³E¶x¿D·5É&¶�³�¿�¶.µW¶mÆ�µW³!´
¹&Â�³!¶�µEÉ$¶�Á
¹$Ä�¯Y¶�ÂYµW±�·1µW×"Ð&Ð&é&ã&ä&ä&å�é5·6´BjYÐ ÍgÎ é6·1Ä�Á�½�¹&Ä�´WÃ�ÄK±Y¶/Á
³!²Ì¹&µT·&ÁIÖ
Ã�½.·&À�À©×�¿gÃ�´E¼o·ÒÅ$µW·$ÁI±�·&À�À©×9Ã©Ä�½�µW¶�·$³!Ã©ÄYÅÒ¹I½.½�±�µEµW¶.Ä�½.¶"µW·1´E¶"»;¹&µ
Ä�¶�·1µWÀ©×
·�×$¶�·1µg¬]¯�Ã©Å&±�µE¶}ãY¬S¶/°E°XÇ�ÈD¼Y¶DÀ©·$³(´B¶.É$¶.Ä�´�¹K½�½�±YµWµW¶�Á
¹$Ä
V�WZY�Q/R&äg¹1»�ã1ä$ä1å�élk(±�³!´�ÂÌ¶�»;¹$µE¶�´E¼Y¶�³!²�·$½�¶/½�µT·6»H´�½�µW¹$³W³E¶�Ál´E¼Y¶
È}ËJÇ�m}¹_»;±Yµ!´W¼Y¶.µl¶.À©¶�½�´EµW¹&ÄÒ²YÀ�·&³E¸"·"¹�³E½.Ã�À©À�·6´EÃ©¹&Ä�³D¼�·5É&¶aÂÌ¶.¶�Ä
¹$Â�³E¶.µWÉ&¶�Á�é/½.¹&Ä�³EÃ©³!´E¶�Ä�´�¿gÃ�´E¼a´W¼Y¶�³E²�·$½�¶�½.µW·1»H´�¼�·5ÉKÃ©ÄYÅ�½�µW¹$³W³E¶�Á
´W¼Y¶aÈ}ËxÃ©Ä�´E¹�´E¼Y¶XnlËon
ÇYÈD¼Y¶O¹&Â�³!¶�µEÉ6·6´WÃ�¹$Ä_¹1»�·1Ä@±�²�³(´WµE¶/·1¸
¶�À�¶/½X´WµE¹$Ä@ÂÌ¶�·1¸º½�¹&Ã©Ä�½.Ã©ÁI¶�Ä�´D¿gÃ�´E¼\´W¼Y¶O¶.À©¶�½X´WµE¹$Ä@²YÀ�·&³E¸x·m¹$³!Ö
½.Ã�À©À�·6´EÃ©¹&Ä�³�¹$ÄpVXWZYqQ<R1ä~²�µE¹6ÉKÃ�ÁI¶�³�³(´WµE¹$ÄYÅ9¶.ÉKÃ�ÁI¶.Ä�½�¶_´W¼�·6´
´W¼Y¶@²�À©·$³!¸x·9¹�³E½.Ã�À©À�·6´EÃ©¹&Ä�³�·1µW¶_ÂÌ¶.Ã©ÄYÅèÁYµEÃ©É&¶�ÄoÂK×è¶�ÄY¶.µWÅ&¶.´EÃ�½
¶�À�¶/½X´WµE¹$Ä�³|»;µE¹$¸�´E¼Y¶aÈ}ËsÇ�UÄ\·&Ä�·1À©¹&Å$×m¿gÃ�´E¼Ò²YÀ�·1Ä�¶�´W·&µE×xÂÌ¹6¿
³E¼Y¹I½T¾I³.éZ]Z^�_a`ÌÝ.Þ3Þ�ß�`cbrdK^�_XÞ�e9â ã&ä&ä/R6æ�³E±YÅ&Å$¶�³!´E¶/ÁÒ´E¼�·1´Zk(±�³(´
ÂÌ¶�»;¹$µE¶f²�·&³W³EÃ�ÄYÅ�´E¼YµW¹&±�Å&¼i´W¼Y¶\È}Ëi´E¼Y¶Ò³E²�·&½.¶�½�µT·6»H´�²�·&³W³!¶/Á
´W¼YµW¹&±YÅ$¼ ·oµW¶.Å&Ã©¹&Ä�¿g¼�¶.µW¶~´E¼Y¶u¸x·1Å$ÄY¶�´WÃ©½ÒÆ�¶.À�Á Ã�³@ÄY¶/·1µWÀ�×

T



*8!�(�#��A(+*:*,��*,����-,M�$/Ek!"B<�b�3E\*8���h-,���>B.[lt�!�-F690109M�-{*8$8!3*,�AL�69(
*,�G�J01� H��%$w=G!3(��A05�3E���61#�M�$8�]¾�TF���G�:*.!3(�#"�%(+*_f��%02L�B%��(GL>69@
*,61��(�B%��M�02L ` �bB%!3M�-/�~L��%69*,���A$ ` ��H�!WoZ69(��~-,-g��EU*8���b-,���>B.[
` ��M�(GLG!3$8�Y�"$ ` �	B%� K =�01�<;�o !3$861!3*,61��(G-b69(�*,��� K !3#"(��<*861B
fG�A01Lh#��A� K �<*8$,�"T

2.5

2.0

1.5

1.0

0.5

0.0

co
u

n
t 

ra
te

 (
c/

s)
 

1700

0900

0800

0700

1600

1800

1000

1900
2000

 protons 
 0.57-1.78 MeV 

  into S3 
  into S7 

1.5

1.0

0.5

0.0

co
u

n
t 

ra
te

 (
c/

s)
 

358356354352350348346344
2004 day of year 

1900

0900

1000

2000

1700
1800

0700

0800

 electrons 
 0.35-1.50 MeV 

  into S3 
  into S7 

(a)

(b)

R

T

8

6
54

3
2

1 8

��������	�
��������(.��	�:�%� �����	�@�R���%����
 �%����
�F�� ��(.��������������
� ����� ����� $ �%� � ��!"�-4 ��# �%$�4 #�&(' ��) 0 ���������("N���)
*�,+-!.�F4 ��� �/$�4 �
' ��) �0�!���/�1�����("0132� ��' ' ���F�%�!,4�6�65D�/���%. �6
7
(�2���<���8����� ��� �
�9
(�%"1'(�6
:5 �/�1�� !�������! ��(��"/!�4<;=� "1�/� 0( !��0�!���P �� 0����(�0�>� ��! "1' �62�"
5- !�?2*
  �������� :���("*�%$ ��' � �� !.�'-�>� ��@ "1�/�/������"* �� ��'(�BADC�EGF "1�����
0	�:���(��1H2�'( !��'  !"I� ���%�%� ,�0��2�������!�0����� ��' �J�!�@�����DKI�6� 0	�:���(� 4

G ` -,�%$8o ! *,61��(�-]Ep$,� K *8���eR>��&,��R�!3(GL j &/RG��z P ¡Å61(>@
-/*,$8M K �%(+*8-b��(	|?09�>-8-/�~- N V<@{��zI|_SXHU�A$,�eB<� KF` 61(��AL�HI69*,�
*,�G�"-,�?Ep$8� K �:V N ¨�dFzI|wS�*8�F�%;�! K 69(G�?��� H	�%���~BC*869o"�%01�F*8���
�\RY!�BAB<�%01�%$.! *8�A-J=G!�$/*861B%09�~-%T	��61#�M�$8��©eB<� K =G!�$,�~-]|\01�Z-8-,�A-
RZ�¿!3(�L�=�61B.[ZM�=�=G$,��*,��(�-,=��~BC*8$8!��%;+*8$8!�=��"01!3*,�~L�*8��Yw¨"�
zI|	HI69*,� K �~!�-,M�$8� K �%(+*8-��3El*,�G�_=�$8�3*8��(n-,=��~BC*,$.! K !"L>� ` �
*,�G�i�:V P ¡�� u 61(G-/*,$8M K �%(+*�7 ��¹9µ~¸�;��3¹9¸%·F¸%»�¼3¹9½1t�a�c�c"�@C T5�����
$8�A-,M�0}*869(G#�=�62B.[ZM�= j 8 -/=��AB<*,$8M K K ! *.B.���AL�*8���h� ` -,�%$8o��~L
�:V�-/=��AB<*,$8M K �<;Z*,$8� K �%01�YHU�A090 T u 62B.[+MG=�69�"(G-�L>� K 69(G!3*,�
! ` � o���YFVAc�c��A�«L>� HI(�-{*8$,�~! K ��EI*,�����\R�!�(GL Yga3c7["�%�
M�=G-/*,$8�A! K �3E�*,�G�w�\RltZB<�"(G-,61-/*,�A("*�HI6}*8�bB%� K =��+-/69*,61��( K �~! @
-,M�$,� K �%(+*8-#7 �F·&%('[%}¶V%+*\¸%»'¼ ¹9½1t+a3c�c+�DCyT u 62B.[ZM�=:!3(�L:RZ��61��(G-At
HI��62B.�n!3$8���G�A! *8�AL ` �r*,�G�\-,! K ��Ep$.!�B<*,61��(G!�0�! K ��M�(+*�!3*�*8���
-,���>B.[�t~�G!Wo"��-/M �nB%69�A(+*�69(3ª{�ABC*869�"(r�%(G�%$8#��_*,� ` �U!"B%B<�A09�A$8!3*,�~L
61("*8�n*,�G�r*8!�690'=��"$/*869�"(G-\��E5*,���J-/=��AB<*,$.!�T G_o��A$ E�cZÄ���E�*8���
�%(G�%$8#��g!WoW!�6902! ` 09�5Ep$8� K *,�G��$.! K =�$,�~-,-,M�$8���3EZ*8����R>� ���A!3*8-
!3(�L�!�BAB<�A09�A$8!3*,�A-?=�62B.[+MG=�61��(G-Asl*,���J�3*8���%$ia3cZÄ ���A!3*8-g!3(GL

� ����� 	�
ML��N� ����0-!OCP�!���/�1�� !�RQ��?�S
H ��@���0�("1 � ,H�%$ �0�!���/�1�����
0	�:��"UT�� ��"1�� ��V�:�2�� :���(" ��+("1�/�%5 �6
 ���W�*�/� 4X$ � 1>�������1 �Y�("��Z+��?�
$ ����� ��'(�8�\[ �/����"1"1 ��(. 4 � '( !"��05D�0�@�J !" ���� V� �� V
 �0�@�.2� ��' ��' �
���( !"1�%�1��� 0( !���-4 ��� ���]$ 4 �"' ��) �0�!���/�1�����^+�����TL ��8��' �_+��%�1����T
0���� �0� ��$\`  !.�� ��� � 4 � '(� 0	�:�%"UT���� "1�/ V���:�%�� !���(" �@�/�0� �R �� "1' ���1�
+	� ��"���"01	2� !��']
H� ���%�� !���("#�%$ �P$3�?2RT  ��4� ����" ���>�!��"1"01a5D�/�1, "1 VT  b�
�B�2� ���R��'(��`(�0+ �%�(�%�1,Z$�$?�%$ � �05D�?�-��c,dGe4fhg-ihj,j�k�g)lnm�e4fhjpoq1)����� �sr 4
t#����� ��'��2�*��'(� 0	�:��"UT��J� "1�� ����:�%�� !��� $3���6uq�(�?�(�/,N"1'  $3��"�
 �62\� ���
$ #�&Nv�w �2� ��+����F�^$ &4x � � y*�>1  ��	
  !���%�� �� . ��'(�%�J��'(� �0�!���/�1�����

 �0� "1 !�6, 
 �/�/������"1�0
<$3����T ��+���� �z$�4 ��{W$6�4|-} �?Tz|-}J��� ��+���� �
� 4 � {($6� |)~ $3��� � "1'(�%�1���� VT � �2������)
7$ &Hx � �Ny#�#4J�,+����1����T.!
�*�/�����/�� !��� ��$���'(�J���  !"1���1��� 0  !���0�!�����1����� +�����T�+@, ��' �.ADC�EGF
 V� "��1�%�	T �0�@� �=�("�� ��'(����
 ��$ ��' ���\[ ���	
 ���  �� �� V
 �0�@�n2� !��' ��' �
�0�!���/�1����� 0	�:��"UT���� "1�/ V���:�%�� !���(" ��+("1���%5D�6
N���<�*��� 4�$ � "U�(.�. ��"���"
��'��%����'(� "10����/���/���%$B� 0��%"1"1�6
R��'F����� . ' ������.� !���"� "1' �62\� "1'(��
 �0
)!
2�'(�/��� ��'(�_; ' `  !"J�(���2�%� ,N�����(.��0�@�*������' � �\[ "U� �1$ ����� 4 v  !.�'
+�����T�5D�?�:�@�/ !�� !��" �%��� �?{F0��������6
  �� ��'( !" ����.� :����1&"1�N�/���)
F �� :���("
�%���*$ �65D�%����+�:� $3��� . �0� �/���%�� �� . �0�!���/�1����� 0	�:��"UT�� ��"1�� ����B�2�� !���("�4

©



!�BAB<�A09�A$8!3*,�A-�*,���gRZ�³T+���G�?L>� HI(G-/*,$8�A! K B%��(Zo��~BC*,61o��\-,=��%�AL
N YgaFEr[ K ± -.S�(G�%�AL��ALn*8�:fG*�*8���gB<� K =�M�*,�ALh-,=��~BC*,$.!i*8�:*8���
P ¡�� u L�!3*8!�6 K =�0169�~-w69(ZH�!3$.L K �3*,61��(��3E�*8���]-/���>B.[7! *r���
[ K ± - N YFVWawzI|w±W�"�A!�$.S'! *�*8����*,6 K �I�3E�*,���\�\RJB<$8�"-8-,69(�# ` �
�:V"ThRZ61(GB%� K �A!�-,M�$8� K �%(+*.-g�3EI69�"(G-i61(e*,����-,M�=�$.! *8���%$ K !30
$.!3(�#"� N !�Ep�%H�[��A�À*8� Y_d+cX["�%�wS_!3$8�J(��3*i!Wo !36101! ` 09�:Ep$,� K
�%69*,�G�%$��3E>*,�G�U��� �+!3#��A$8-At<*8���A-,���<;Z*,$.!3=���02! *8�ALiL>62-{*8$,6 ` M>*869�"(G-
B<�"M�02L ` ��MG-/�~Lr*8� K �>L>�A0Z*,���I!"B%B<�A09�A$8!3*,61��(r��E�61��(G-�!�(GLi*8���
=�$8�>L>MGBC*869�"(���E��%(��A$,#"�<*861B_(��%M�*,$.!30�! *8� K - N ¡��_z?-.S ` �%�"��(GL
*,�G�r�\R N -/�A�rRZ�AB<*,61��(D��S<T

��������	�
�� � �* �� �/���0�@�� :���  V�@���0� "1 �� :�/" �%$ v�� �(0 "��1������T ���)


 �62\� "��1������T �%$#��' � �\[�4 v ���65@, �0� �%5 ��" ����0F����"1�0�@�P��'(������T �
+( �� �6
 [�� �9
(�%"1'(�6
 �0�F�%5D��"/! ���)
 0( !�	�4�(0 0 ���%�������9
 �%�1���6

�0�F�%5D��"/! "10����/�1���-4 `  V���!�6
 "%uq���2����" ���)
P�� ���0�!��" �%������'(�  !����"10����h�
�1����T ����"U�F���6
�+-, ��'(�BADC�EGF  �� "��1�%�	T �0�@���(0("��1������T �9�>! ���)


 �62\� "��1������T �,��!*��$ ��' ���\[ 4 � '(�J�����/�0�!�/���%�� !��� ��
P�� !�0�(�/, ��$
��'(� �\[a1�
 �?Q	�(�6
 ��"&��'(� ���2�� :�#��$���'(�G
 �62\�("��1������T ���J�(0 "��1������T
"U�(0F���%��' �/�%T����  !���  ��@���0� "1 !�6,q1F :"� � �"c,d����si��	���Vihf�ihjGk����V1	����� �sr 4

��¤ � � � ¦98 : ; =@?DADCME F HJ:9EQH�CMLJ;¬�F�� AB=K� EGH��
����: C@=M;>A�� FIUXCML-;���

�����\(G�<;Z*�Ep�AH����A!�$8-5HI61010 K !3$8[r*8���\*8$8!�(G-,6}*869�"(]*,�:-,��02!3$
K 69(G6 K M K 61(Da3c"c+©r��$?a3c"cFEGT�z�*I*,���r02!�-/*?-,��02!3$ K 69(�6 K M K
61(³VA¨�¨"¾�tU�wa�H�!�-n!3*����%0161��02! *,69*,M�L>�7���gR�VA¾ �D!3(GL�-8!WH«!
=��A!3[�-,=��%�AL��3Ei�"©3cD[ K ± -At�61(GL>62B%! *869(G#�*8�G! *n�waeL>62L�(��3*
�%(+*8�%$J*,���hEk!"-{*XB<�"$,�"(G!30����"09�b�G� H ` M�*]$8� K !�69(��~L�61(�*8���
*,$.!3(�-/69*,61��(g$8�%#�61��( ` �<*{H��%�A(g-,01� He!�(GLwEk!�-/*�RZ�³T~����61-�$,�~-/MG0}*
H�!�-5B<�"(G-/62-/*,�%(+*�HI69*,�J*,���I�~-{*86 K !3*,��*,�G!3*�*,���I��!309E�@ HI62LZ*,�]��E
*,�G�:-/01� H�HI69(GL�$8�%#"69�"(bH�!�-?! ` ��M>*:VW�)�g61(�VA¨"¨�¾ 7  J% ;1"�¼3·�A@=
*%µ@?�¼@? Aw´I¼ �>¹1¼ ·,¸%?�¼3t�V~¨�¨+©DC T'z�*�*,���I(��%;Z*�-,��02!3$ K 61(�6 K M K t
�wa:HI61090 ` �w!3*�� �gR�a3¾<�_!�(GLX-,����MG01L��%(+*,�A$�*8���_�G69#"�>@y-,=��%�AL
-,��02!3$_�G� HiTr����62-_�Ao��A("*gHI61090�=�$8� oZ61L��F!bM�(�6 O"MG�F�"=�=��"$/*8M>@
(�69*{��*8��69(Zo"�A-/*,61#"! *8��*,�����%o��"09M�*,61��(��3Eg*,�G�7Ek!�-/*bRZ�³TRG?E
=G!�$/*861B%M�01!�$?61(+*,�%$8�A-/*_HI61010 ` �F*,���F*,� K =��%$.! *8M�$8��TiRZ69(�B<�r*8���
Ek!�-/*�R>��-/=��%�~L]61-U(��A!�$,01�FB%��(G-/*8!�(+*At K MGB.�n01�A-8-�-/*,$8�A! K 61(>@
*,�A$8!"BC*869�"(�± -,���>B.[n���A!3*,61(�#�-,����MG01Lh�>B%B%M�$?!3(�L K �+-{*?��E'*8���
=�$8�3*8��(7�%(G�%$8#���H��r� ` -/�A$,o"�r-/�G��M�02L ` �rEp$8� K *,���F69(+*,�A$8!"BC@
*,61��(eHI69*,�e=�61B.[ZM�=�69�"(G-AT:�I�AB%�%(+*gHU�"$,[�=�$8�AL>62BC*.-w*,�G!3*_*8���
���~! *,61(�#���Ew*8����RZ� 62-X=�$8��=���$,*,61��(�!30�*,��*8����RZ� -,=��%�AL

7 � '[%�»#"�¸%»r¼ ¹9½1t�a�c�c"��s"!1*%¸2?$#.¸<·Q¶�t�a3c"c"�@C�!3(GLe*8�����%;Z=��AB<*,�~L
� ` -,�%$8oW!3*,61��(G-�HI61090m*,�A-/*I*,�G�A-,�w�Z�Z=��3*,�G�A-,�A-AT

�ga?-,���"M�01LJ!302-,�_-,=��A(GL]!3(:�%;Z*,�%(�-/61o���=��A$,61�>L:HI69*,�G69(F*,���
o"�%01�>B<69*{�w-,���A!�$�qA��(��"tW*,����*,$.!3(G-,6}*869�"( ` �<*{H��%�%(r*,���UEk!�-/*�!�(GL
-,01� H RZ�Â$8�%#�6 K �A-AT�������o"�%01�ZB%6}*{��-,���A!�$At5*8��#"�<*,�G�%$JHI6}*8�
B%� K =�$8�A-8-/61o����%���~BC*8-At K !W�F=�$8�ZL�MGB<�?!g�G�%0169�+-/=��G�%$861B�o"��$,*,�<;
-/*,$8�%�%* 7,��>·C¹1¼%¶+¼ t�VA¨"¨�cGs �\µ ¹BA *C»y¸ % ?�¸<»�¼3¹9½1tGa3c"c"a@C T������?o"��$,@
*8�<;�-{*8$,�A�<*\H���M�02Lh=�$,�>L>M�B<�i�"-8B<610101!3*,61(�#](���$,*,�>@)-,��M>*8�b��� H\-
HI69*,��!F=��A$,61�>LX�3E�! ` ��M>*?a3¾FL�!W�>-U-,MGB.��!�-�*,���+-/�w� ` -/�A$,o"�AL
61(h*,���g��� �+!3#��A$�LG! *8!]L>MG$,61(�#J*,���i=�!�-/*�*{H��n-/�"01!�$ K 61(�6 K !
7�%'¼�&~¼ ·&�5*X¸<»w¼ ¹9½1t�VA¨ EFE�s �-�>·C¹9¼A¶"¼�¼@? A' J% ;1"�¼3·�A *%µ-?Gt�a�c�c"c@CyT
���G�_o"�%01�ZB%6}*{�n-,���A!�$ K !W�]��=��%$.! *8�\*,� K 6};n*8���_�GM�62L�-%t>=�!3$,@
*861B%M�02!3$809��-,69(GB%��*8����-{*.! ` 610961q%61(�#�69(>��M��%(GB%�b��E\*,�G��fG�A01L�61-
$8�AL�MGB<�~L�HI���A(Y*,��� K !3#"(��<*861BbfG�A01LY62-]=��A$,=��%(�L>61B%M�02!3$n*8�
*8���\o"�%01�ZB%6}*{�"T�&)(]*8�G! *�BA!�-,��t3H��IHU�"M�02LF�%;>=��~BC*U!_*,MG$ ` MG09�A("*
$8�%#"69�"(mt3HI69*,�X=��%$8�G!�=G-�-,M ` -/*8!3(+*861!�0����A!3*,61(�#i�3El*8���\=�02!�- K !
!�(GL��A(��%$8#��%*,62BX=G!�$/*861B%09�~-%T�R>69(GB%�h|?09�>-8-/�~-:HI61010 ` ��! *J*,���
-8! K �e-/�"M>*,���A$,(�01!3*,69*,MGL��e!"-���� �+!3#��A$b!3*b*8��61-b*86 K ��twH��
HI61010��G!Wo"�r!3(���=�=���$,*,MG(�6}*{�b*,�X-,�%�:��� H�*8���:-,���A!�$\$8�%#�61��(�-
�Ao��"09o"�?Ep$8� K |?09�>-8-/�~-�*,�n��� �+!3#��A$�a�T

���G61-�02! *86}*8MGL>61(G!30�!�0961#�( K �A(+* ` �<*{H��%�A(h|?09�>-8-/�~-I!3(GLh�ga
HI61010�!30109� H -{*8MGL>�e�3E��3*8���%$r!"-/=��AB<*8-i��EIRZ�²�Ao���01M>*869�"(mtm61(
=�!3$,*,62B<M�02!3$n��Ew*8����-,=��A�AL�L>�~B<$8�A!�-,�7L>M��7*8��=�62B.[ZM�=�69�"(G-%T
���G�?RZ� =�01!"- K !w61��(�61q%�~-569(+*,�A$8-/*,�A0902!3$�(G�%M>*8$8!�01-At�HI��62B.�n!3$8�
*8���%(J!�BAB<�%01�%$.! *8�ALg*8�\*8����R>�-,=��A�AL:!�(GLi���~! *8�ALi*8�w!\*,���A$/@
K !�0��A(��%$8#��]� O"M�!30�*,�F*,���rRZ� �%(��A$,#"��tZ! ` ��M>*gV_["�%�FTZ���G�
�A(��%$8#���Ep��$n*8��61-b!�BAB<�%01�%$.! *869�"(Y!�(GLY���A!3*,61(�#�B<� K �A-]Ep$8� K
*8��� ` M�01[ K ��*,61��(��3Ew*,����R>� !�(GL�*,�ZMG-]*8����RZ� -/=��%�~L
L��AB<$8�A!"-/�~-%T7^_�<*8�%$ K 61(G!3*,61��(���EI*,����RZ�ÂL>�AB%�%01�%$.! *869�"(e$8�<@
O+M�61$8�A-�!?L>6}�l�%$8�%(�B<� K �~!�-,M�$,� K �%(+* ` �<*{H��%�%(g*8����R>��-/=��%�~L
61(i*8���U61(�(��A$����A0961�"-,=����A$,� N ! *�|\01�>-,-,�A-���$�!?-,=G!�B%�AB<$.! E�*'(��A!�$
¡U!3$,*,��Sg!�(GL�! *:*,����L�61-/*8!�(GB<�X��EI�wa>T74D!�#�(��%*,�"�+�>L>$8�>L>�+@
(�! K 61B N 4 j ^wS K �>L>�%0161(�#�62-:M�-/�~L�*,�e=�$8�AL>62BC*F*,���h-/=��%�~L
�%;>=��~BC*,�~LD! *w�wa ` !�-,�AL���(eRZ� =G!3$.! K �%*,�%$.-I61(7*,�G�:61(�(��%$
�G�%0169�+-/=��G�%$8��t�*8���%(�*8���DL>�A(G-/69*{����E_*8���761("*8�%$.-{*8�%0101!�$ j 61-
!"LWª{MG-/*,�~Lb-,�:*8�G! *I*8��� K �ZL��%0�$8�A-,M�0}*.- K !3*8B.�b*,���g� ` -/�A$,o !3@
*869�"(G-AT5���G�A-,�gBA!302B<M�02! *869�"(G-�B%!�( ` �i=��A$/Ep�"$ K �AL���(�01�nHI���A(
*{H���-/=�!�B<�~B<$.! E�*n!3$8�7! *n*,�G�D-,! K �����A0961��02! *86}*8MGL>�7�"$n(��A!�$
-,��02!3$ K ! ;>6 K M K t>HI���A(b���A0961��02! *86}*8MGL>61(G!30�-,=��A�ALb#�$.!�L>61�%(+*.-
!�$,�i- K !3010QT

&)(�VA¨"¨�¨ @{a3c"c�cGt�(G�A!3$7-,��02!3$ K !3;>6 K M K t?*8����-/=��%�~L�!3*
�gaJH�!"-gV~a @8VAdZÄ ` �%01� H	*,��! *?�%;Z=��AB<*,�~Lb61(h*,���r! ` -,�%(GB%�i�3E
=G61B.[ZM�=D61��(�-?HI��62B.��6 K =�0169�~-_!�(D69(+*8�%$.-{*8�%0101!�$ j L>�%(G-,69*{�7�3E
cGT c"¨�B K "$(�! *]*,���7�\RlT�z_-J*,���DRZ� K � o��A-FEk!�$/*8���%$]��M�*
*8����L>�AB%�%01�%$.! *869�"(�-/�G��M�02L	61(GB<$8�A!"-/�*)�*8����(��<;Z*���=�=���$,*,M>@
(G6}*{��*,���~-{*86 K ! *8��*,����-/=��%�~LYL��AB<$8�A!"-/��HI61090 ` ��69(	a3c"c�¾Gt
(G�A!3$F-/�"01!�$ K 61(�6 K M K t�HI���A( ` ��*,��|?09�>-8-/�~-:!3(�L��wahHI61090
` �F!3*ga�¾ �~R����%0161��02! *,69*,M�L>��T u $8�%016 K 61(G!3$8��$8�A-,M�09*8-?Ep$,� K $8�<@
B%�%(+*UL�!3*8!i-,��� H��AL]!i02!3$8#��%$�-,01� H\L>� HI(:*8�G!3(n�%;>=��~BC*,�~LJ*,���
=�!�-/*I*{HU�n�"�A!3$.- 7  J% ;1"�¼3·�A *%µ-?Gt�a3c�c+�DCyT�&yE5*,���:� ` -,�%$8o ! *,61��(�-
Ep$8� K a3c"c�¾iB%��(>fG$ K *,��62-�$8�A-,M�09*At"*,���w!�L�L�6}*869�"(G!30�-/=��%�~LXL>�<@
B%$,�~!�-,�wB%��M�02Lb$,�~-/M�09*IEp$8� K !]B.�G!�(�#��w69(h*8���i69(+*8�%$.-{*8�%0101!�$ jL��%(G-,6}*{�h! *I*8���:�\Rb��$�Ep$8� K 69(GB%$,�~!�-,�ALhL>�AB%�%01�%$.! *869�"(�Ep$8� K
��*,���A$I�<�l�AB<*8-AtG-/M�B.�h!"-�*,��� ` �A! K -���E��A(��%$8#��%*,62Bw=G!3$,*,62B<01�A-AT

G ` -/�A$,o ! *869�"(G-�!�-��ga�!3=�=�$8�"!"B.���A-b*8����-,���>B.[�-/�G��M�02L
EpMG$/*8���%$iB<�"(G-/*,$.!361(D*,�G�F(G!3*,M�$8�]�3E�*8���n-/�G�ZB.[7!"-/� K]K �<*,$8��T

E



z�*��:V�t+*8���g��(G-,�<*��3Em*8���w-/*,�~!�L>�nMG=G-{*8$,�~! K �\R u �G� H ` �<@
#"!�(b61( K 62LZ@{a3c"c"aF! *RE3dnzI|rT������gM�=G-/*,$8�A! K �G� H�B%��(+*,61(>@
M��~LXEp�"$Yga��; �"�A!�$8-�M�(+*,610l*,���i�\RXB%$,�+-,-,61(�#F!3*-Yw¨�dFzI|�!�-
*,�G��-,���>B.[ K � o��~Lr�"M>*{H�!�$8L:!3���~!�Lr��EG*8���\-/=�!�B<�~B<$.! E�*~T'�����
��(�-/�%*At�L>MG$8!3*,61��(mtm!�(GL�-/*,$8�A! K 69(�#�L>61$,�~BC*869�"(���E�*,�G�]�\R u -
! *I�gaJHI69010����%01=7L>�<*8�%$ K 69(��g*8���r! K �"M�(+*I!�(GLb��$869�A("*.! *869�"(
�3E�*,�G�rL>61-/*,�"$/*869�"(���E'*8���r-/�G�ZB.[XEp��$\B<� K =G!3$861-,��(bHI6}*8��6 K @
=�$8� o��~L�4 j ^ K �>L>�%02-��3E�*,��62-�$8�%#�61��(h�3E'*,���i�G�%0169�+-/=��G�%$8��T

������fG$.-/*D69�"(�=G$,�~B<M�$.-/�"$�69(GB%$,�~!�-,�A-7!3*D�waYH��%$8�e� ` @
-,�%$8o��AL ` �A#�61(�(�61(�#�69(�02! *8�na�c�c�dh!3*:©���zI| 7 ��»)µ@?l¸�¸%»_¼ ¹1½1t
a3c"c"�@C T����G�\-{*8�A!�L��:-{*8$,�~! K 61(�#g�3E��\R u -5*8�+M�-561-��A6}*8���%$�� ` @
-,�%$8o��ALi!3*�!I#"$,�~! *8�%$�L>62-/*8!3(�B<��MG=G-{*8$,�~! K �3E>*8�����\Rg*,�G!�(:! *
�:V���$'*,�G���\Rr61-5B%09�+-/�A$m*,�_*,�G�IR>M�(:61(:*8����L>69$8�AB<*,61��(F�3EG�ga>T
��69#"M�$8� E?-,��� H\-�*8�G! *�=�$8�3*,�"(i69(+*8�%(G-,6}*869�~- ` �A#"!3(i61(GB%$,�~!�-,69(�#
(��~!3$Fa�c�c3d�T EGsm*8����x�T c @.VW©>T xh47�A� B.�G!3(G(��%0�L�61-,=�02!W�Z-g02!3$8#��
!3(G61-,�3*8$,�"=�69�~-%t?HI6}*8��=G!�$/*861B%09�~-h-/*,$8�A! K 69(�# K !361(�09��61(	*8���
3w��L>61$,�~BC*,61��(�tI*,������=�=��"-,69*,��L>61$8�ABC*869�"(�Ep$8� K *,���+-/�D� ` @
-,�%$8o��AL�! *i�:VJEp$8� K a3c"c"a�T �J*8��$8��M�#"�ea3c"c3d N ��T #GT1t���61#�M�$8�A-
a3Bw!3(�Lbx ` SCT������rRZ��-/=��%�~L�62-�$,�A01!3*,61o��%01�X-/*,�A!"L>�X! *IxFE"c @
d+a�ch[ K ±3-%T����ZMG-iEk!�$At'*,������69#"���%$:�%(��A$,#"���\Re=�$8�AB%M�$8-,��$
61��(G-�!3$8��=�$8�AL�� K 69(�!3(+*�!3*'�wa�T'&)(+*8�%(G-,6}*869�~-���EG01� HU�A$��%(G�%$8#��
61��(G-:69(�*8���Xd+c�*,��Yga�c�c�["�%�Å$.!3(�#"�n$,� K !361(e(G�A!3$ ` !�B.[+@
#�$8��MG(GL�tW-/M�#"#��~-{*869(�#�*8�G! *'�wa�62-�-/*,61090+-/�Ao��A$8!�0�zI|�M�=G-/*,$8�A! K
�3E�*,�G�r�\RlT

������! ` -/�A(GB<����EX!�HU�"$,[Z61(�#�=�01!"- K !�61(G-/*,$8M K �%(+*���(
�:V�(��AB%�A-8-/69*8!3*,�ALiB%� KF` 69(G69(�#\!�(�#�MG01!�$ K �A!�-,M�$8� K �%(+*.-lEp$,� K
01� H�@ �A(��%$8#��_69�"(FB.�G!�(�(��%02-'HI6}*8� K �>L>�%02-��3E��G� H�@ Ep$.! K ��=G!�$/@
*,62B<01�e=�6}*.B.�>@)!3(�#"09�eL>61-/*,$86 ` M>*,61��(�-�*8���~-{*86 K !3*,��*,����$.!�L>62!30
B<� K =��"(��%(+*7�3E]=�02!�- K !��G� H¯o��%01�>B<69*{� 7 �:·&%('[%}¶)%+*�¸%»b¼ ¹1½1t
a3c"c�xGs+>F¸�;1��¸%·]¸%»_¼3¹9½1t�a�c�c"�@C Tr���G�F02!3$8#��J-/=�$8�A!"LD61(e-,=��%�AL
�A-/*,6 K ! *8�A-:Ep��$ u �%$869�>L�-rzÁ!3(�L���69(��'61#�MG$,��a N E.Sr$8�A-,M�09*8-
Ep$8� K *8���bL�� K 69(�! *,61��(���E�*8���X$.!�L>62!30�B%��(Zo��~BC*869o"�]B%� K =��3@
(��A("* ` ��*,�G!3*F��EU*8����-/*,$8�A! K 61(�#761(�*,���X(G�A!3$,@)!3q%6 K M�*,�G!�0Qt
!3(+*86}@)-/MG(+H�!3$.Ln-/*,$8�A! K 61(�#F!�(GLn*8��� O+MG!�-,6}@y$8�AB<MG$,$8�%(+* N =ga�¾ @
L�!W��Sb69(+*8�%(G-,6}*{��oW!�$,62! *869�"(G-b*,�G!3*D!3$8�e=G$,�~-/�A("*�61(�!�090i61��(
B.�G!�(�(��%02-AT������r�Ao��%(+*8MG!30mL>�%*,�~BC*,61��(7��E��A(��G!�(GB<�~Lb61(+*,�A(G-/69@
*,61�A-?�3E�01� H�@ �A(��%$8#��X61��(�-\! *?�ganB<� K:` 61(��~L�HI6}*8��*,��� K �~! @
-,M�$,�~L��G� H�o��A09�>B%6}*{��!3(�L�o��~BC*,�"$ K !3#"(��<*861BDfG�%02L�o"�ABC*8��$
HI61090>�A(G! ` 01��MG-�*,�wMG-,���ga?LG! *8!_*8�_o !30162L�! *8�U*8�����G� H�@)-/=��%�~L
�<;Z*8$8!"BC*,61��(�!301#���$869*,� K tl!3(GLDL��%$869o"�:6 K =G$,� o"�AL��G� H¬-,=��%�AL
�A-/*,6 K ! *8�A-�!3*��:VUL>M�$869(�#\*,���U=��A$,61�>Lra3c�c+a>T ��*,��$8��M�#"�:a3c"c3dGT

��¤�� �7= ; �JEQO�C@EQH���CMLJ;��[;>= � EQH-ADCME FIH��LJF�O��
��FO A CMEGFIH

�����J09�>BA! *,61��(��3E�*8���J���%0169�+-/=G���%$861B ` ��M�(GLG!3$869�~-?$8�A-,M�09*8-
Ep$8� K ! ` !�01!�(GB<� ` �%*{HU�A�%(�*8���hL��+(�! K 61BX=�$,�~-,-,M�$8�X�3EI*8���
��M�*{H�!�$8L���� HI69(�#�RZ� !�(GL7*8���J*,��*8!305=�$8�A-8-,M�$,� N L>�Z(G! K 61B
=�01MG-�*8���%$ K !30�=�09M�- K !3#"(��<*861B~S5�3El*8��� P &/R>4�T"���G�_RZ��L>�+@
(G! K 62B\=G$,�~-,-,M�$8�\61- K �A!"-/MG$,�~L ` � K M�0}*869=G09�g-/=�!�B<�~B<$.! E�*~t"61(>@
B<01MGL>61(�#i�ga>T5�����I=�$8�A-8-/M�$8���3E�*,��� P &/R>4Á�G!�-�01!�$,#"�UM�(�B<�%$,@
*8!�69(+*869�~-rHI��62B.���G!Wo��n016 K 69*,�~L���M�$:! ` 610969*{��*8�D=�$8�AL>62BC*i*8���
�\Rg01�>B%! *869�"(mT'�?� He*,�G!3*��FV��G!�-�B<$8�"-8-,�AL_*,�����\Rlt~HU�U[Z(�� H
*,��! *�*8�����\RiL>62-{*.!3(GB%��! *��:VFI -'=��+-/69*,61��(i�"(:^PG�Yx+�>VUa�c�c�d
H�!�-�¨3d?zI|:T~�e�IB%!�(rMG-,��*,�G61-�=��"-,6}*869�"(r*,�_(���$ K !30169qA� K �>LZ@

� ����� 	�

	�� )J�GF�AD[3[�� "10����6
 � ��!h1�E KJ[��I�-4 �I' �/)<0F���������
 V�@���0� "1 � ,��,+)!h1-���	
.A�C EGF � 4 �s�/$ # 4 � ' �/) 0F���������� ��@���0�("1 �6,�� �s!
���)
  ��" ��"1"1�@�� :�%���0
 � w  �T_�F��'���� ���( !"1���1����0@,�����9
	!h1�
H� �� ��(.J�������
���^����� � 4 ��� 4� � �%"�
 �hQ)�(�0
  ��<0(��� �0�J�9
)!�� "1���ZF&��� �0�J� �s! 0( !�
0	�!���  �� "1�/�h!  !"��nT ����"U� ��� ��$���'(�#� w  �T_�F��'���������T 0����(�0�@� ��$ ��' �
0 ��������� "��1������T  ��(.����  :"1�%�1��� 0@,8�02 ��,N$3����T ������I��! ���*���62 �2�/

������I��! ��'(�3[H�	��4

�A01-_�3E�*8���]�\R K �3*,61��(�sl��61#�M�$8�F¨�-/��� H\-\*,���]�\R�01�>B%! *869�"(
=G$,�~L>61B<*,�~L ` ��!]aW@)^�#"!"-�L��+(�! K 61B K �>L>�%0mHI�G61B.�h69(�B<01MGL>�A-
*8���X�%���~BC*8-:�3EI=�62B.[ZM�=�69�"(G-ATh�����hRZ�²=G!3$.! K �<*8�%$.- K �A! @
-,M�$8�AL ` ���wa:HU�A$,�wMG-,�ALh!�-�69(G=�M>*�Ep��$�*8��� K �>L>�A0m!3(GLX*,���
�\RD09�>BA! *,61��(�H�!"-?(��"$ K !�0961q%�~L�*,� K !3*8B.��*,���F*,6 K �F��E�*,���
�FVi�\R�B%$,�+-,-,69(G#GT5�����i�\R�!�(GL��FV K � o"�AL���M>*{H�!3$.LnEp$8� K
a�c�c+ab*,� K 62LZ@{a3c�c�dGt�*,�G�%(�*8���h�\R K � o"�AL�61(ZH�!�$8L�!"B<$8�"-8-
�FV�t�!�(GLh(�� H��FVw62-I#"�<*/*869(G#FEk!�$/*8���%$�Ep$8� K *,���r�\RlT

R>69(GB%���ga��G!"-�!	H���$8[Z69(G#�=�01!"- K !��<;>=��A$,6 K �%(+*At:*,���
B.��!3(�#"�i69(D=G01!"- K !n=G!�$8! K �<*,�A$8-I!"B<$8�"-8-�*,�G�F-,���>B.[bHI61090 ` �
L�69$8�AB<*,01� K �~!�-,M�$8�AL�!�(GLb=�$,� oZ62L>�g! ` �<*,*,�%$IMG(GL>�%$.-/*8!3(�L>69(G#
��EG*8���I�\RFB.��!3$.!�BC*8�%$861-/*,62B%-ATm�����I�FV��\RFB<$8�"-8-,69(�#_=�$8� o+62L>�~-
!g$8��MG#��J�A-/*,6 K !3*,�I��ElHI�G�%(]�wag-,����MG01LJ�%(�B<��MG("*8�%$�*8���\�\RlT
���G�gRZ� =�$8�A-8-/M�$8�A-�Ep$,� K 01!"-{*I-,��02!3$�B<�>B<01�_BA!3( ` �g�<;Z*,$.!3=�@
�"01!3*,�~LeEp��$8H�!�$8L N LG!�-,���AL�0161(��A-.Sr!�(GL�MG-,�AL�*8� K �>L>�%0U*,���
EpM�*,M�$8�_�\RJ=��"-,6}*869�"(X! *��wa>T5��69#"M�$8�?¨r-,��� H\-5*,��! *�*8���wa @y^
K �>L>�A0>=�$,�~L>62BC*8-��ga?HI61010�B<$8�"-8-�*8���I�\Rr61(J�A!3$801�:a3c�c EIHI��6109�
*8���]-{*.! *,62B K �>L>�A0'=�$8�AL�61B<*8-_�A!3$801�7a�c�c"¨�T?���ZMG-wL>M��J-/�"09�A09�
*8��*8����69(ZH�!3$.L K �3*869�"(��3E?*,���7�\R�$8�A-,M�09*,61(�#�Ep$,� K -/�"01!�$
B%�>B<01�?B.�G!3(G#��A-��3El*,���gRZ�Ã=�$8�A-8-/MG$,�"t3HU�?�<;>=��~BC*��waw*8�r� ` @

¨



���������	��
�������������������������� !��"#���� %$'&�()�*$�+,".-�/102+3"%(4�657/
$8"#94���:94 6���;�=<�>��*�?>@��$A���*&A���;(���>��:��B�;����(� #CEDA���GF6&�D��� 3$�(;H

IGJ#K�L7J.MGNJ�IGNO=P;QSRUTWV=XZY\[)]XZY�^�J%_7K�I%Xa`bMGNJ%K@cd_7PeMGO7K;I@fg_\^
_!hiJ%PeMbM�NJjM�Rkf@RUTlmXon:NJpnrqsI?tmK?cd_�PeJjRuIwvKGO�xm_6xmyk^.TJ#RkMGNmJ#K
IGvNJ#K�RuP#_6y=TmO7K�IG^Af@f@JeM�KGRuP:z{RkMGNgK�J%IGv|J3P�M�MGOoM�NJr}E~?q���|O!z� RUKGJ3P�M�RkO�TEX��sO � J%yUI@vmKGJ � RUPeM@MGNm_6MpM�NJ�nrqSz{RkyUy{x|J�xyUtTAM
_!M,MGNJ�TmO�IGJ������6�8�6�4�%���7�!���:I?OSIGvm_�PeJ%P#K�_6c�M@c�tK?M�NJ#K,c�KGO�f
MGNmJ	TO�IGJ	z�O7ty � J#TmP#O7tTAM�J#KrM�NJjnrq.yu_!M�J#K3X:n:NmJ � RUKGJ3P�MGRUO7T
O6c�M�NJjfg_6l�TJeM�RUP4�mJ#y � RUTsMGNJ�}E~?q=��P%_6TsK�J%IGtykMbRkT'_7IG^Afp[
f@JeM�KGRUJ%I:O7c�MGNmJ�z{NmO7yUJ�RUTAMGJ%K�_�P�MGRUO7T�KGJ%l7RUO7T��dIGJ#J	q8J%PeMGRUO7T.�A�
�sO � J%yUI�IGNO!z�M�NJrnrqp_6T �p�b� x�O7tT � _6K�RkJ3I�_6K�J yu_6K�l7J%K � RUI?[
M�_7TmPeJ3I�_!M�f@O7K�J�TO7KGMGNJ%KGyU^	NJ%ykRUO7yu_!M�R*M�t � J3I#¡�¢j�r_!M¤£i¥�¦b]7�A§
IGNO7ty � M�NAt|I IGJ#JbMGNJ�nrqg_!M:_	yu_6K�l7J#K � RUI?M�_7TmPeJbMGNm_7T¨¢�Vj_!M
£i¥oqV6© § X�n:NJ�KGJ � tmP�M�RkO�TªRkT � RUI?M�_7TmPeJ¨O7c{MGNJ�nrq«RkT«M�NJ� RUKGJ3P�M�RkO�T¨O6cE¢oV	RuI¤TmO6M:QATmO!z{TEX � KGJ3PetK;IGO7K;I�MGOjMGNJonrqi�ARkT
MGNmJ¤c�O�KGf¬O7c|I�M�KGJ3_6f@RUTlbJ%TJ#K�l7J#MGRuP¤vm_7K?M�RUP#ykJ J#TN|_6TmP#J#f@J#TAM�I%�
z�J#K�J�O�xmI?J%KGL�J � xA^s¢��@z J%yky�x�Jec�O�KGJpMGNmJ@�mK�I?M4nrq � J#L7J%TAM%X
n:NJ3I?J�J%L7J%T�M;I,_7KGJ�TmO!zx�J#RUTl�O�xmIGJ#K�L7J � x8^®¢�VX¯q8RUTmPeJ
MGNmJbnrqpz�_�I�f@O!LARUTloO7tM�z�_7K � z{NJ#Tg¢��rIG_\z�MGNmJ%IGJ{J#L7J%TAM�I
_6T � RkMpRuIjTmO!z°fpO!L8RUTl±RUT8z�_7K � ��R*M@RUIpv�O�I�I?RUxyUJ'�dv|J%KGNm_7vmI
� tJwMGO�MGNmRUI{_�I?^8f@f@JeMGK�^��M�Nm_!M{¢�Vjz{RUyky�PeK�O�I�I¤MGNJ4nrqgz�J#yUy
x�Jec�O7K�JsV6²7²�³X�~)T�_7TA^�P%_7IGJ7��M�NJ.nrqSyUO8P%_!M�RkO�TSPeO�fjxRUTJ �
z{RkMGN'MGNJ@¢�V�vyu_7IGfg_ � _!M�_�z{RUyky�vK�O!L8R � J�RUT=c�O7K�fg_!M�RkO�T±O7T
MGNmJ4f@_7l7TRkMGt � JoO6c�MGNJ	nrq._7IG^8f@fpJ#MGK�^7X

´rµ{¶µr·m¸a¹»º�·¼

½g¾ O7f@vm_7KGJ4¢oVgnrq � J%TJ#K�l7^.I?v�J%PeMGK;_@z{R*M�N±I?v�J%PeMGK;_pc�KGO�f
¢j�@RUT�MGNJ � q � MGO � J#MGJ#K�f@RkTmJgR*c{_�PeO7f@f@O7T«nrq � IGv|J3P�[
MGK�tf�RUI{_@P;Nm_7K�_�P�MGJ%KGRuI?MGRuPbO7c¿M�NJ	nrqiX
½«¾ O7f�xRkTmJs¢�V�nrqA[)_7I�I?O=PeRu_!M�J � ykO!z:[�J#TJ%KGl�^ªRkO�T�RUTAMGJ%TmI?Rk[
MGRUJ%I�z{R*M�NjM�NJ{f@J%_7IGtK�J � vyu_7IGf@_b�mO!z�L7J#yUO=PeRkM�^j_6T � L�J%P�M�O7K
fg_6l�TJeM�RUP,�mJ#y � M�O'L!_7ykR � _!M�J�_7T � �mTmJe[ÀMGtTJ.�mO!z:[�L7J%ykO=P#R*M�^
JeÁ8M�K�_�P�MGRUO7T�_6yUl7O�KGRkMGNfgI%¡ � J%KGRUL7JpRUfpvmKGO!L�J � q=ÂÃ_7T �'� q �
�mO!zaL7J#yUO=PeRkMGRUJ%I{_6M:¢��oc�KGO�f�V6²�²�VX Y	O7T8z�_7K � X

½s¾ O�fjxRUTJ,nrq � RkO�T�_6Tl�tyU_7K � RuI�M�KGRUxt=M�RkO�TmI	z{RkMGN�_\L!_6RUyk[
_7xyUJ±q8ÂÄvyu_7IGf@_ª_7T � ~���Å � _!M;_�MGO�RUT8L7J3I�M�RklA_!MGJ�Rkc	RkO�T
x�J%_7f � K�RUL7J#TÆN8^ � KGO�fg_6l7TmJeMGRuP.z�_\L�J%I@PeO�ty � x�JsvK�J%IGJ#TAM%X
Ç JeM�J#K�f@RkTJ�R*c�M�NJj¢�O!^A_6l�J#K � _6M�_gz�O7ty �s� J#MGJ%PeMoIGtmP;N�nrqA[
_�IGIGO=PeRu_!M�J � vmKGJ3PetK;I?O�K:z�_\L�J%I%X
½ �sO�TRkMGO7K4¢��g_6T � ¢�V � ÂÈq � _6M�_�c�O7K4J%ykJ3P�M�KGO�T±vyu_7IGfg_
OAIGP#RkyUyu_!MGRUO7T|I#�z{NmRUP;N.c�O7Kw¢�VpRUT � RuP#_6MGJj_7T�_6vvK�O�_�P;N,M�O@MGNJ
nrq�_6T � c�O7K:¢���fg_\^gRUT � RuP#_6MGJo_�P#KGOAIGIGRkTmljO6c¿MGNJ4nrq,xm_7P;Q
RUTAMGOpMGNmJjq8Â¬X
½4¾ O�fjxRUTJ{NRUl7N[1M�Rkf@JrK�J%IGO7yUt=MGRUO7T@vm_7K?M�RUP#ykJr_7T � ~���Å � _!M;_
M�OªJeÁ_6f@RUTJ � J#M�_6RUyuIgO6coMGNmJs¢j�±nrqSMGK;_6T|I?RkMGRUO7TEXÊÉ�MgMGNJ
¢oVËnrqÌPeK�O�I�I?RUTl|�1I��e� � OËMGNJWI�_6f@JÍ_6T|_6yU^8IGRuI'RUTmP#ykt � RkTl
vmyU_�I?fg_ � _!M;_«_6T � J%I?MGRUfg_!MGJ.M�NJsQ7J%^SI?NmO8P;Qªv|_6K;_6f@JeM�J#K;I
c�O�K�P#O7f@vm_6K�RuI?O�TmI4z{RkMGNSIGRkf�tyu_!MGRUO7T|Ij_6T � z{R*M�N�O6M�NJ#K�O7x=[
IGJ#K�L7J � IGNO=P;Q=I#X

Î:Ï±Ð�ÑaÒÓÑÈÒsÔ	ÕÖ®×:ÑaÒ�Ø±Ð'Ñ

¢��,Nm_�IjJ%TAMGJ#K�J � MGNJ � q � ��O7v�J#TRUTl«_�TJ%zÙvNm_�I?J�O6c
NmJ#yURkOAI?vNmJ#K�RUP:J#Á8vmykO�K�_6MGRUO7TEX�n:NJ � q � RuI¤ÚAtm_7ykRkM�_6MGRUL7J#yU^ � R*c�[
c�J%KGJ%TAM c�K�O7fÌMGNmJwRUTAMGJ#K�vyu_6TJ#M�_7KG^pf@J � RUtfÛ�d~��±��X=n:NJw�mO!z
RuIrIGtv�J#K;I?O�TRUP�RUT�MGNJj~��Üxmt=MwIGtxmIGO7TRuP�RkT�M�NJ � q � X|n:NmJ
L�J#yUO=PeRkM�^.RuI�TJ%_7KGyU^sK;_ � Ru_6y�RkT±MGNJ@~��ª�ixtMoRUT'MGNJpTO�IGJpO6c
M�NJ � q � RkM�f�tmI�M�MGtmKGT._6K�O7tT � _7T � f@O!L�JrM�_7RkyUz:_6K � X�n:NmJ
fg_7l7TJ#MGRuP¤�|J#y � M�J#T � I�MGO4x�Jr_!Á=Ru_6yUyk^jIG^8f@fpJ#MGK�RUP{_7x|O�t=M�MGNJ
q=tTEÝ I{KGO7M�_6MGRUO7T�_!Á=RUIrRkT.MGNmJ	~��ª�xtMbR*MbMGJ#T � I:MGO,x|J	IG^8f�[
f@J#MGK�RUPg_7x|O�t=M4MGNJ,ykRUTJ¨O7c M�NJ�q8tT�Ý I4f@O7MGRUO7TªK�J#yu_!MGRUL7JpM�O
M�NJ	}E~?q�ÜRUT.MGNJ � q � �|O7T�_pyU_7KGl�JoI�P#_7ykJ�X�n:NJ4l7K;_ � RUJ#TAM;I
_7T � _7TRuI?O7MGK�O7vRUJ%I�O6crM�NJ�J#TJ%KGl�JeM�RUP�vm_6KGMGRuPeyUJ%IpRUTSM�NJ.~��
_7KGJ � RkhiJ#K�J#TAM:c�KGO�f°MGNOAI?J4RUT.MGNJ � q � X

Î:Ï?ÞaÒsß ¸E·mà�¸�¶á?âÍã�ä�·=¶á?â�å?¸�æ«á ß ¶çr¸
Ñ ¸�åGá�º¤æ8çb¸Eä�¶=ç

n:NmJ�RUTAMGJ%TmI?RkMGRUJ%I�O6c@ykO!zÜJ#TJ%KGl�^ÍRkO�TmI����A²![���²�²7²�Q�J#¢o�
z�J#K�Jsf@J%_�I?tK�J � x8^�MGNJ�}�è ¾ � JeÁ=v|J%KGRUf@J#TAM,O�TÍ¢j�±x�Je[
c�O�KGJ4_7T � _6c�MGJ%KbPeK�O�I�I?RUTljMGNJ	nrq��dÅ�RUl7tK�J@�%²A��X�é�Jec�O�KGJwMGNJ
nrq¨PeK�O�I�I?RUTl,�ÀV6²7²7�mXZY6²6[)V7²7²6�|X ��©��e�#M�NJbRUTAMGJ#T|I?RkMGRUJ%I�z�J#K�JrJ#T=[
N|_6TmP#J � �¤MGNO�tl7NÆNRUl7NyU^ªL!_6K�RU_7xykJ��¤z{RkMGN®ÚAtm_7IGR*[�K�J%PetmKGK�J#TAM
L!_7KGRu_!M�RkO�TmI�z{R*M�N�v�J#K�RUO � IoO6c:KGO�tl7NyU^ª�%]._6T �|ê O�K4V7© � _\^=I
�dykRUl7NAM:L7J%K?M�RUP%_6yiykRUTJ3I�_7KGJ�I?v|_7PeJ � V7© � _\^=I�_6vm_7K?M:RUT�Å�Rkl�tK�J
�3²��eX�n:NJ3I?J�J#TmNm_6TmP#J � vmKGJ#[�nrqpRUO7T�RkTAMGJ%TmIGR*M�RkJ3I _7T � IGtv|J%K?[
v�O�IGJ � �mtmPeMGtm_6MGRUO7TmI%�E_7Ioz�J#yUy�_7Io_7I�IGO8P#RU_6MGJ � L!_6K�RU_6MGRUO7TmIwRUT
M�NJjIGv|J3P�M�K�_7yERkT � RUP#J%I��dÅ�Rkl�tK�Jg�%²6x����mfg_\^�O7K�Rkl�RkTm_6MGJoz{NJ%T
ÚAtm_�I?Rk[�KGJ3PetK�KGJ%TAM�q8ÂëI?MGK�tmP�M�tK�J%Ip��RÀX J�Xk��P#O7K�O6M;_!MGRUTl,��~�ìrI��
_7KGJ,RkTmP#R � J#TAM�O�TªMGNJ�nrqiX�n:NJ%IGJ�I?MGK�tmPeMGtK�J%I�P#_6T�P;Nm_6Tl�J
yUO=P#_7yEPeO7T � R*M�RkO�TmI�c�O7K:RUO7T.RkT6í�J%P�M�RkO�TE�m_�P#PeJ%ykJ%K�_6MGRUO7TE�=_7T � J3I�[
P%_6v�Jsc�K�O7fîMGNJ±nrqW_6yUO7Tlªtv|I�M�KGJ3_6f��|J#y � ykRUTJ3I#X¬É{c�M�J#K
¢��jPeK�O�I�IGJ � MGNJjnrq.RUTAMGO@M�NJ � q � �|MGNJ	RUTAMGJ%TmI?RkMGRUJ%IbRkT�_7yky
RUO7T�P;Nm_6TmTJ#yuIw�mK�I?MoRkTmP#KGJ3_7IGJ � ��M�NJ#T'�mtmPeMGtm_6MGJ � c�O7K	V7²![)]7²� _\^8I%�7_7T � MGNJ%Tgx|J3P#_6f@JrK�J#yu_!M�RkL�J#yU^jI?MGJ%_ � ^7��KGJ%fg_6RUTRkTml�J3I�[
IGJ#TAM�RU_7ykyU^j��_!M�_6M¤yUO!z J%K�J#TJ%KGl�RkJ3I¤_7T � RkT|PeK�J%_7IGRUTl	I?yUO!z{yU^p_6M
NmRkl�NJ#K�J#TJ%KGl�RkJ3Ij�1Å¿RUl7tmKGJ��%²7_A��X�É�MwM�NJ�nrq±PeK�O�I�I?RUTlm�mMGNJ
RUTAMGJ%TmI?RkM�^sO6c ��²![�Y6]¨Q7J#¢ÌRUO7TmIwRkT|PeK�J%_7IGJ � MGJ#Tc�O7y � �EK�J%_7P;NmJ �

�3²



!D(G�%HÅ=��A!�[ =g��c�cGt5L�$,�"=�=��~L�t�!3(�L�*,�G�%$8�A! E�*8�%$FH�!"-:$8�%02! @
*,61o��A09��- K �Z�3*8�mtUo !�$,�Z61(�#�*{�Z=�62B%!�0901� ` ��(G� K �"$,�b*,�G!�( =
a3cZÄ�! ` ��M�*I! K �~!3(h�3E =wx�c�crEp��$�*8���i(��<;Z*?-,6}; K �"(+*,�G-AT

-3

-2

-1

0

en
er

gy
 s

pe
ct

ru
m

 s
lo

pe
 γ 

(E
) 

2005.52005.02004.5

solar wind heliosheath

-1.0

-1.5

-2.0

 Slope γ (E) of 
 energy spectrum: 

 j(E) ~ E γ (E) 

10-2

10-1

100

101

102

103

pa
rt

ic
le

s/
cm

2 -s
 s

r-
M

eV
 

TS 

26d

 � ����� ����	�
 ��������
 ��
 ��
 1-day avg. 

    40 - 53  keV 
    85 - 139 
    220 - 550 
    1050 - 2000 
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TECHNICAL/BUDGET 
 

Introduction 

 

Since 1989, after completion of its primary mission 

of planetary exploration, the Voyagers have been char-

acterizing the interplanetary medium beyond Neptune 

while they search for the transition region between the 

interplanetary and interstellar media. Passage through 

the termination shock by Voyager 1 in December 2004 

began the journey through the transition region, the 

heliosheath and the race toward interstellar space. At 

the start of the Voyager Interstellar Mission (VIM), the 

two Voyager spacecraft had already been in flight for 

over twelve years, having successfully returned a 

wealth of scientific information about the giant gaseous 

planets and the interplanetary medium between Earth 

and Neptune. The Voyagers have now begun their 29
th

 

year of flight operations. 

Voyager 1 is escaping the solar system at a speed of 

about 3.6 AU per year while Voyager 2 is leaving at 

about 3.3 AU per year. Power is the limiting lifetime 

consumable. The two spacecraft have power to con-

tinue returning science data until around the year 2020. 

It is likely that at least one of the spacecraft could enter 

interstellar space while adequate power is still avail-

able.  All other consumables are adequate for continued 

operations well past 2020. 
 

The Voyager Spacecraft 
 

Voyager spacecraft subsystems and instruments re-
quired for the interstellar mission are operating well 
and are fully capable of supporting the science mission 
through at least 2020. Although both spacecraft are 
operating on some redundant hardware, with careful 
monitoring of spacecraft health, considerable func-
tional flexibility still exists to operate a long duration 
mission. 

 

Figure 24: The Voyager Spacecraft 

The identical Voyager spacecraft (Figure 24) are 

three-axis stabilized systems that use celestial or gyro 

referenced attitude control to maintain pointing of the 

high-gain antennas toward Earth. The prime mission 

science payload consisted of 10 instruments (11 inves-

tigations including radio science). Only five investiga-

tor teams are still funded, though data are collected for 

two additional instruments, the Planetary Radio As-

tronomy (PRA) instrument and the Ultraviolet Spec-

trometer (UVS). Active teams and the status of their 

instruments are described in Table 2. 
 

Investigator 

Teams 

Principal* and 

Co-Investigators 

Instrument Status 

Plasma Science 

(PLS) 

J.D. Richardson* 

J. W. Belcher 

L.F. Burlaga 

A.J. Lazarus 

R. McNutt 

E.C. Sittler, Jr. 

C. Wang 

Instrument perform-

ing normally on 

Voyager 2. Voyager 

1 instrument is pow-

ered, but ion data 

not useable 

Low-Energy 

Charged Parti-

cles 

(LECP) 

S.M. Krimigis* 

T.P. Armstrong 

R.B. Decker 

G. Gloeckler 

D.C. Hamilton 

L.J. Lanzerotti 

B.H. Mauk 

R. McNutt 

E.C. Roelof 

Instruments per-

forming normally on 

both spacecraft 

Cosmic Ray 

Sub-system 

(CRS) 

E.C. Stone* 

A.C. Cummings 

N. Lal 

F.B. McDonald 

W.R. Webber 

Except for one of 

four low-energy 

telescopes on Voy-

ager 2, instruments 

performing normally 

on both spacecraft 

Magnetometer 

(MAG) 

N.F. Ness* 

M. Acuña 

L.F. Burlaga 

J.P. Connerney 

R.P. Lepping 

C. Smith 

F.M. Neubauer 

Instruments per-

forming normally on 

both spacecraft  

Plasma Wave 

Subsystem 

(PWS) 

D.A. Gurnett* 

W.S. Kurth 

Voyager 1 instru-

ment performing 

normally. Voyager 2 

high rate data are no 

longer useable, but 

low rate data are 

normal. 

Table 2: Voyager Investigations and Status 
 

The entire Voyager 2 scan platform, including all 

of the platform instruments, was powered down in 

1998. All platform instruments on Voyager 1, except 

UVS, have been powered down. The Voyager 1 scan 

platform was scheduled to go off-line in late 2000, but 

has been left on at the request of the UVS investigator 

(with the concurrence of the Science Steering Group) 

to investigate excess in UV from the upwind direction.  

The PLS experiment on Voyager 1 which had been 

turned off in 2000 to provide power to extend UVS 

lifetime, was turned on again in 2004 when there was 

evidence that the spacecraft was in the vicinity of the 
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termination shock. UVS data are still captured, but 

scans are longer possible. 

The Flight Data Subsystem (FDS) and an 8-track 

digital tape recorder (DTR) provide data handling func-

tions.  The FDS configures each instrument and con-

trols instrument operations. It also collects engineering 

and science data and formats the data for transmission. 

The DTR is used to record high-rate PWS data, which 

are played back about four times per year on Voyager 

1.  However, the high rate PWS data on Voyager 2 is 

no longer useable, and no special effort is made to cap-

ture its playbacks. 

The Computer Command Subsystem (CCS) pro-

vides sequencing and control functions. The CCS con-

tains fixed routines such as command decoding and 

fault detection and corrective routines, antenna point-

ing information, and spacecraft sequencing informa-

tion. The CCS on both spacecraft are performing nor-

mally. 

The Attitude and Articulation Control Subsystem 

(AACS) controls spacecraft orientation, maintains the 

pointing of the high gain antenna towards Earth, and 

controls attitude maneuvers. A necessary switch of 

AACS circuitry was made in 2002 and since then the 

redundant celestial sensors have been used. Following 

the switch, the new Canopus Star Tracker (CST) has 

been losing sensitivity at a higher rate than expected. 

Based on past experience, it is expected that the sensi-

tivity loss will decrease within the next year or two. 

The CST has no problem maintaining lock on the ref-

erence star or reacquiring after maneuvers.  

Uplink communication is via S-band (16-bits/sec 

command rate) while an X-band transmitter provides 

downlink telemetry at 160 bits/sec normally and 1.4 

kbps for playback of high-rate plasma wave data. Re-

ceiver 1 on Voyager 2 failed in 1978. Failure of the 

Tracking Loop Capacitor in Receiver 2 resulted in a 

drastic reduction in the acquisition frequency band-

width, requiring the routine use of special procedures 

to determine the best lock frequency. Voyager 2 is cur-

rently operating on the alternate transmitter following 

an autonomous switch in 1998. The project has elected 

to remain on the currently selected transmitter. Tele-

communications with both spacecraft are normal and 

the link margins are sufficient to maintain two-way 

contact with the spacecraft well after 2020. 

Electrical power is supplied by three Radioisotope 

Thermoelectric Generators (RTGs) that are performing 

nominally. The current power levels are about 295 

watts, with power margins of about 35 watts and an 

average degradation rate of about 4.4 watts per year. 

As the electrical power decreases, power loads on the 

spacecraft will have to be turned off, reducing space-

craft capabilities and operational flexibility. Power 

margins are adequate to operate a complement of sci-

ence instruments until about 2020. 

Spacecraft attitude is maintained by small hydra-

zine thrusters. One thruster has failed on Voyager 2 

and one on Voyager 1 has shown signs of significant 

degradation, due to exceeding expected end-of-life 

usage. The thrusters currently in use are expected to 

last the rest of any mission projection. Nearly 1/3 of the 

original propellant remains available. 
 

Operations Concept 
 

The VIM is characterized by (1) science require-

ments that can be satisfied with science instrument 

observations that are primarily repetitive in nature, and 

(2) long (and increasing) communication distances. 

The resulting long round-trip-light-times and decreas-

ing signal levels significantly constrain spacecraft 

monitoring and control.  

Programmatic changes since the beginning of the 

VIM have significantly reduced flight team staffing 

levels. As opposed to the multiple teams of specialists 

earlier in the mission, each member of the current 

flight team performs multiple interdisciplinary func-

tions and only limited backup capability exists. 

These mission characteristics and the small team 

size have resulted in the evolution to the current meth-

ods used to conduct mission operations. Multi-mission 

ground data systems are used, though Voyager requires 

some unique components to maintain compatibility 

with the multi-mission environment. Dramatic changes 

have been made to the process for real-time monitoring 

of routine spacecraft operations. Each of these is dis-

cussed further in the following sections. 

The mission impact of the reduced staffing in-

cludes reduced operational flexibility, greatly reduced 

anomaly response capability, and potential delays in 

science data delivery.  In addition, many important but 

non-essential tasks are not being performed. 
 

Sequence Generation 
 

Key to acquiring the desired science observations 

and maintaining an adequate level of mission adaptiv-

ity is the sequencing strategy. Because of the limited 

flight team resources available for spacecraft sequence 

generation, this strategy minimizes the labor required 

while satisfying the science data acquisition require-

ments and flight system health and safety engineering 

needs. 

Voyager’s process of command sequence genera-

tion, review and uplink is unique to this mission. It 

requires continual support by Voyager-experienced 

personnel.  

The sequencing strategy is composed of four basic 

elements. First is a continuously executing sequence of 

repetitive science observations and engineering calibra-

tions called the "baseline sequence."  A baseline se-

quence is stored on-board each spacecraft and contains 

the instructions needed to acquire and return the basic 

science data to the ground. This sequence will continue 

to execute for the duration of the mission, but requires 

periodic adjustment to deal with changes in spacecraft 

health and configuration, ground system capabilities 

and the heliospheric environment. 
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The second element is the storage on-board each 

spacecraft of the pointing information necessary to 

keep the boresight of the High Gain Antenna (HGA) 

pointed at the Earth. This provides the capability for 

continuous communication with each spacecraft with-

out further HGA pointing commands. HGA Pointing 

Tables will require updating on both spacecraft within 

the next few years to maintain an acceptable pointing 

accuracy needed for quality science data acquisition. 

Special skills are needed for this task, as discussed be-

low.  

The third element provides the capability of aug-

menting the baseline sequence with non-repetitive sci-

ence or engineering events using either an  "overlay 

sequence," or a "mini-sequence." The difference be-

tween these two types of augmentation sequences is 

that the overlay sequence operates for a fixed interval 

of time, currently 3 months, and contains all of the 

baseline sequence augmentations for that time interval. 

A mini-sequence is focused on accomplishing a single 

augmentation need and is not a regularly scheduled 

activity but is done on an as-needed basis. 

The fourth element is the use of pre-defined and 

validated blocks of commands (high level sequencing 

language), rather than the optimized sequence of indi-

vidual commands (low level sequencing language) 

used during the prime mission, to accomplish desired 

spacecraft functions. The use of pre-defined blocks of 

commands greatly reduces the effort required to gener-

ate and validate a sequence of commands. The space-

craft contains pre-defined blocks of commands to sup-

port this functionality for routine activities. 
 

Transmitting the Data to the Ground 
 

The Voyager Interstellar Mission is, with one ex-

ception, a real-time data acquisition and return mission. 

All of the operating instruments on each spacecraft are 

continuously collecting data for immediate transmis-

sion to Earth. The normal real-time transmission data 

rate is 160 bits per second (bps), including 10 bps en-

gineering data 

The one exception to real time data return is that 

once a week, 48 seconds of high rate (115.2 kbps) 

plasma wave data are recorded onto the DTR. Cur-

rently, a second 48 seconds per week is recorded on 

Voyager 1. These data are played back every 6 months 

and provide increased spectral resolution snapshots of 

the plasma wave information. These high rate plasma 

wave data have provided the primary data for the 

Plasma Wave Investigation Team’s estimate of the 

termination shock and heliopause locations. The corre-

sponding data on Voyager 2 are not usable. Recording 

and playback of Voyager 1 high rate plasma wave data 

can continue until the years 2010 when telecommuni-

cations capability will no longer support the playback 

data rate of 1.4 kbps.  
 

Capturing the Data on the Ground 
 

Real-time telemetry data capture is accomplished 

using 34- and 70-meter tracking antennas of the DSN. 

Capture of the recorded high rate plasma wave data 

from Voyager 1 requires the use of an array of 70- and 

34-meter antennas.  

Sixteen hours per day of tracking support for each 

spacecraft is the project's target for science data acqui-

sition, particularly in the vicinity of the termination 

shock. Because Voyager is not a high priority mission, 

it is usually allocated support after higher priority mis-

sion requirements have been satisfied. In the recent 

past, the average daily support has been about 8-12 

hours.  Future increases in missions being supported by 

the DSN will result in reduced tracking station avail-

ability for Voyager. As tracking support is reduced, the 

ability to characterize the heliospheric medium is de-

graded. Acceptable minimum science data acquisition 

requirements range from 4 to 12 hours per day per 

spacecraft, depending on the specific investigation. 
 

Delivery to Science Investigation Teams 
 

Science data are provided electronically to the sci-

ence investigation teams in the form of a Quick Look 

Experiment Data Record (QEDR) and Experiment 

Data Record (EDR). Voyager 1 and Voyager 2 QEDRs 

for each science investigation are generated daily 

(Monday through Friday) containing the available data 

since the last QEDR was produced. Since these prod-

ucts are produced in near real-time, generally within 24 

hours of the data capture, data gaps due to a variety of 

ground system problems can be present in the QEDR. 

Once a week, EDRs are created for the previous week's 

data. In this product, data gaps resulting from ground 

problems have been filled to the extent possible. When 

the final EDRs are available, science teams are notified 

by electronic mail. The science teams then retrieve the 

data at their convenience for further processing and 

analysis. 
 

Spacecraft Monitor and Control 
 

Spacecraft monitor and control includes the real-

time functions necessary to monitor spacecraft health 

and to transmit and verify commands to insure data 

capture during special activities, and support non-

realtime functions. With the reduced flight team staff-

ing during VIM and the acceptability of increased risk 

during an extended mission, real-time support is lim-

ited to weekday prime shift and special off-shift events 

(commanding, DTR playbacks, and attitude maneu-

vers). This reduced real-time monitoring support was 

enabled by the development and implementation by 

Voyager personnel of an automated telemetry monitor-

ing tool which alerts on-call personnel to potential 

anomalous spacecraft conditions. This automation tool, 

Voyager Alarm Monitor Processor Including Remote 

Examination (VAMPIRE), has served as a model for 

development of a similar multi-mission tool now in use 

by other missions. 
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Maintaining spacecraft health and safety is a non-

real-time function. It includes: the analysis of engineer-

ing telemetry data to establish and evaluate subsystem 

performance trends; the periodic in-flight execution 

and analysis of subsystem calibrations and engineering 

tests; analysis of AACS, FDS, and CCS memory read-

outs; the review and updating of telemetry alarm limits; 

the identification and analysis of anomalous condi-

tions; and the implementation of corrective actions. 

Detailed anomaly analysis has suffered recently be-

cause of the level of staffing. 

The analysis of engineering telemetry data to es-

tablish and evaluate subsystem performance trends is 

an important operations function. It drives decisions 

about future optimum configurations for maximizing 

mission lifetime. The analysis of these data relies on 

the system and subsystem expertise retained by the 

individual flight team members. Like anomaly analy-

sis, as the flight team loses subsystem expertise due to 

the retirement of experienced personnel and the down-

sizing of the flight team, the ability to perform trend 

analysis is severely impacted. Development of an 

automated process for trend data gathering and display 

is considered a crucial future development to improve 

operations efficiency. 

Periodic in-flight calibrations and engineering tests 

are used for verifying spacecraft performance, analyz-

ing anomalies, and maintaining spacecraft capabilities. 

While some of these calibrations and tests are included 

in the baseline sequence, the majority are initiated from 

the ground in either an overlay or mini-sequence. 

The identification and analysis of anomalous con-

ditions and the determination of recommended correc-

tive actions relies on the system and subsystem exper-

tise of the individual flight team members. An auto-

mated tool, Monitor/Analyzer of Real-time Voyager 

Engineering Link (MARVEL) monitors CCS/FDS te-

lemetry data to assist the analyst with normal event 

verification and to display on a workstation screen any 

conditions that are not as predicted. MARVEL per-

forms limited analysis of the CCS/FDS telemetry and 

identifies possible causes of the anomalous condition 

and potential corrective actions from the stored knowl-

edge base within the program. 
 

Protection Against Spacecraft Failures 
 

In order to maximize the spacecraft science data 

return reliability for a mission that could potentially 

continue until 2020 or beyond, automated safeguards 

against possible mission-catastrophic failures are pro-

vided.  

Each spacecraft has Fault Protection Algorithms 

(FPAs) stored on-board that are designed to recover the 

spacecraft from otherwise mission-catastrophic fail-

ures. The FPAs are mostly implemented in the CCS 

while a few are interactive with the AACS.  The five 

FPAs stored in the CCS execute pre-programmed re-

coveries for the following: 

• AACS anomalies 

• Loss of command reception capability 

• Exciter and transmitter hardware anomalies 

• CCS hardware and software anomalies 

• Anomalous power loads 

In addition, there are fault correction routines in the 

AACS to deal with failures of its specific circuits and 

sensors. 

The second safeguard is the Backup Mission Load 

(BML), which provides automated on-board protection 

against the loss of command reception capability. 

Without command reception capability, the spacecraft 

must continue to operate with the instructions previ-

ously stored in the CCS memory. The BML reconfig-

ures the spacecraft for maximum telecommunications 

and attitude control reliability and modifies the Base-

line Load to continue the acquisition and transmission 

of fields, particles and waves science data as long as 

the spacecraft continues to function. 

All of the above protection mechanisms require 

periodic review and occasional modifications by the 

Flight Team. These are dictated by unpredictable 

changing conditions. 
 

Consumables Management 
 

Both spacecraft have on-board consumables that 

are adequate to support spacecraft operation until at 

least 2020. Electrical power is clearly the major space-

craft lifetime limiting consumable. Power should be 

adequate to support at least some science data acquisi-

tion until at least 2020. Both spacecraft have about 30 

kg of hydrazine that provides a minimum of about 50 

years of operation at current usage rates. 
 

Mission Adaptivity 
 

While Voyager is primarily a non-adaptive real-

time data acquisition and return mission, two types of 

science data acquisition and return adaptivity exist. 

Both types have been successfully used during VIM. 

The first type of adaptivity is the recovery of a 

high rate PWS playback that is not captured with the 

initial playback. The response to the loss of a playback 

is to sequence a second playback prior to the time 

when data on the DTR is overwritten with newly re-

corded data. For normal baseline sequence recording of 

PWS data this allows 6 months to execute a second 

playback. 

The second type of adaptivity is to increase the 

frequency of high rate PWS recordings and playbacks. 

This can be in response to a predicted termination 

shock crossing or increased plasma wave activity dur-

ing cruise. An on-board sequence block allows increas-

ing the high rate PWS recordings by sending a single 

command to the spacecraft. It can record one PWS 

frame about every nine hours over a period of two 

weeks or one additional frame per week for six months. 

It is now used in the latter mode on Voyager 1, essen-

tially doubling the number of recordings and the reso-

lution of the PWS high rate data. 
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Science Management 
 

The Project Scientist coordinates with the Voyager 

Science Investigators, the science community, and 

other elements of the Project to ensure that the Project 

scientific objectives are met. The Science Steering 

Group (SSG) is chaired by the Project Scientist and 

consists of the Principal Investigators for the funded 

investigations. The SSG has the leading role in the 

overall optimization of the science return from the mis-

sion, and in resolution of conflicting science require-

ments. Members of the VIM Science Steering Group 

(the principal investigators) and their co-investigators 

are listed in Table 2. 

Although funding for UVS and PRA has been dis-

continued by NASA, both data types are still being 

received. The UV data are made available to Jay Hol-

berg at the University of Arizona, and the PRA data to 

Michael Kaiser at GSFC. 

The principal investigators are responsible for ana-

lyzing their data and reporting their findings in a timely 

manner.  They participate, as appropriate, in making 

these results available to the science community and to 

the general public.  They present their results at science 

conferences, through news releases and via publica-

tions in the popular press and scientific journals. More 

than 160 refereed and non-refereed papers have been 

published since 2003.  A list of published papers, by 

investigation, is available at 

http://voyager.jpl.nasa.gov/science/bibliography.html 

The principal investigators provide archival data to 

the National Space Science Data Center at Goddard. 

Since 2003 through July 2005, there were nearly 

42,000 accesses to the archived data. Archived data can 

be accessed via the NSSDC Master Catalog at the fol-

lowing URLs: 

http://nssdc.gsfc.nasa.gov/nmc/tmp/1977-084A.html 

http://nssdc.gsfc.nasa.gov/nmc/tmp/1977-076A.html 

A summary of data availability is accessible at the 

Sun-Earth Connection Data Availability Catalog at 

http://spdf.gsfc.nasa.gov/SPD/SPDTopMatrixNASA.pl 

In addition, a list of URL’s, which point to science 

data, including those at the investigators’ home institu-

tions, is located at the JPL Voyager web site at 

http://voyager.jpl.nasa.gov/science/Voyager_Science_

Data.html 
 

Budget 
 

Since the beginning of the Voyager Interstellar 

Mission, the project has continually adapted its opera-

tions concept and workforce in response to changes in 

funding levels. The project has undergone a continual 

transition from multiple specialized teams to a single 

operations team wherein each member performs multi-

ple interdisciplinary functions. New, internally devel-

oped processes and efficiency enhancements have 

made this possible. In 2002-2003, the flight team was 

further reduced due to budget constraints. As a result, 

the current flight team consists of about 8 full-time 

equivalents. An independent review by an advisory 

group convened by the Director for Astronomy and 

Physics at JPL concluded that workforce below this 

level would result in unacceptable risks. This was 

based on the fact that the current budget level allows 

for only minimal spacecraft monitoring, immediate 

response to anomalies, a minimal degree of health reas-

sessment, sequence augmentation and no training. 

Concurrent to the reductions in the flight team in 
2002 were reductions in the level of funding for sci-
ence data processing, analysis and archiving. Because 
of the minimum level of funding, there has been a re-
duction in the number of graduate students and post-
docs supporting the project, and the co-investigators 
are now performing much of the data processing and 
validation.  

The guideline budget would have continued opera-
tions at the current minimum level, including costs to 
support the minimum flight team described above and 
a low level of project management support. The guide-
line budget includes costs for science center functions 
related to operating the instruments and performing 
quick-look data processing. Also included are limited 
science analyses required to ensure proper instrument 
operations and the validity of the data before they are 
archived.  Science data analysis funds allow for limited 
science analysis and the publication and presentation of 
select papers, primarily of major science events.  

However, because of growths in full-cost account-
ing at GSFC and new direct tailored services costs at 
JPL, the guideline budget, beginning in 2007, is defi-
cient by about $400K per year. To meet the guidelines, 
operations would have to reduce by 1.0 FTE. There is 
no easy reduction, since the loss of any person means 
the loss of multiple functions. Though there would be a 
severe impact, a lesser impact would entail the loss of 
the ability to perform AACS trend analyses and cur-
rently ongoing analyses of spacecraft pointing degrada-
tion, including evaluation and upgrades of the HYBIC 
and H-Point Tables. We would lose long-term capabil-
ity for trend analysis and, if pointing is not improved 
by the beginning of FY07, pointing degradation would 
result in degradation of science data reception. 

The reduction in science funding in FY07 also cor-
responds to about 1 FTE, which is about 25% of that 
devoted to science analysis and will leave only ~3 
FTEs devoted to analysis distributed over the five in-
vestigations.  This will limit the analysis activities to a 
few topics at a time when Voyager is revealing many 
puzzling aspects of the heliosheath that require addi-
tional, not less, analysis and interpretation. 

Within the proposed optimal budget, the descoped 

items described above would be reinstated. In addition, 

the optimal science budget would support ~2 additional 

FTEs in FY06 that would permit study of the broader 

range of topics outlined above and important augmen-

tations in science center data products. Some of the 

benefits from this increased budget: 

• Improve the quality and timeliness of Voyager 
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MAG data sent to the Voyager Investigators, other 

Scientists, and the NSSDC, and support our analy-

sis and understanding of the MAG data. 

• Complete development of capability to provide 

open access to all CRS data and improve capabil-

ity to access data and documentation. 

• Improve access to detailed CRS documentation to 

assist other investigators/students in using the data.  

• Provide access to CRS data via web services to the 

SSSC Virtual Observatories.  

• Enable more in-depth analysis of science data than 

that afforded in the guideline budget.  

• Provide for more comparisons of solar wind fea-

tures in the inner and outer heliosphere to under-

stand the solar wind evolution. 

• Increase participation of undergraduate and gradu-

ate students in data processing and analysis. This 

would introduce younger scientists into the space 

physics community.  

Over the past year the Flight Team has identified 
more than seventy tasks that need to be accomplished, 
in addition to ongoing activities, to insure continued 
operations of the Voyager spacecraft at acceptable risk 
levels. These tasks may be described as items that 
would improve the operations infrastructure, replace 
and reduce the number of old workstations, update 
software modules to work with the newer computer 
systems and improve productivity and enhance person-
nel effectiveness to include cross-training and replace-
ment training.  

Important areas unattainable at present include ac-
quisition and training of replacement personnel, de-
tailed anomaly analysis, and improved operational effi-
ciencies in several areas. Most of the electronic tools 
currently in use are ten or more years old. Many are in 
need of major upgrades or replacement. New technolo-
gies now make possible the development of intelligent 
tools to automate and reduce workloads and the poten-
tial for errors, improve spacecraft health monitoring, 
and provide for more confident long-range planning.  

The optimal budget would provide funds to ad-
dress the items deemed most important. One-time in-
vestments include:  
• Software modifications required to migrate the 

data management system to modern computers,. 
This would enhance science data delivery and pro-
vide backup capability while reducing the number 
of workstations required for this task by 67%. 

• Recompilation of the MARVEL program to oper-
ate on modern computers and to create a real-time 
backup. 

• Development of a temperature estimation tool 
which would alleviate need for outside consulta-
tion and the attendant costs and would allow the 
team to make decisions about optimum and/or safe 
thermal balance when reconfigurations due to de-
cline in power become necessary 

• Analysis of spacecraft pointing degradation and 
implementation of necessary modifications to 
flight software   

• Update the RTG model to refine lon-range power 

output predictions and better define mission exten-

sion potential.  

There is also an ongoing need for an increase in 

personnel as follows: 

• An increase in computer system administration 

support beginning in FY06 to implement the 

changes to workstations as described above and to 

allow Voyager to become up to date with 

AMMOS deliveries and remain in step with other 

missions. Current support levels have been insuffi-

cient to maintain this state and have resulted in 

significant workflow inefficiencies for Flight 

Team members. 

• One FTE to initially provide for software and in-

herent systems administration support for non-

AMMOS workstations and to develop Voyager 

real-time tools for the AMMOS environment, later 

to be cross-trained in other operations areas to 

provide backup and/or be a replacement as mem-

bers leave the Flight Team. It is highly desirable 

that there always be a person in on-the-job training 

to eventually replace and minimize the loss of ex-

pertise with personnel departures. 
 

Attributable Deep Space Mission Systems costs, 
though not part of the Voyager budget submission, are 
included in Table IV, Line 2a of Appendix 1. These are 

based on approximately 10 hours of coverage per day 

per spacecraft, using both the 34-meter and the higher 

cost 70-meter antenna. Direct Multimission Ground 
Systems and Services costs are included in Item 2a of 
Tables I and II. Estimated center Full Cost Accounting 
costs were obtained from Resource Analysts at GSFC 
and MSFC. 

 

Voyager is the only mission currently exploring 

the far outer heliosphere.  The spacecraft are capable of 

continued operations and are in position now to charac-

terize the Sun’s influence far away from the source. 

Until there are other missions to the outer heliosphere, 

Voyager will provide unique in situ information about 

this region of space. Voyager 1 has entered the heli-

osheath and Voyager 2 is poised to encounter the ter-

mination shock within the next few years. Continuation 

of the mission at the optimal level would allow for a 

more robust science mission that would answer funda-

mental questions about solar influences in the distant 

heliosphere, the interactions between the solar and in-

terstellar media and the structure of the termination 

shock. Furthermore, it would provide for a more robust 

and lower risk operations environment and reinstate a 

small degree of flexibility for development of further 

enhancements and efficiency improvements to Flight 

Team processes. 
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EDUCATION AND PUBLIC OUTREACH 

OPERATIONS PLAN 

 

Tying together the physical processes across the 

full scale of the heliosphere is possible because 

of the existence of a fleet of deep space missions 

that include the Voyagers.  With the anticipation 

of the Termination Shock crossing, the Voyager 

E/PO program created partnerships and 

collaborations to enhance the breadth and 

knowledge of science, mathematics, and 

technology for K-14 education. The Voyager 

mission is contributing to a diverse set of 

programs that are improving basic scientific 

literacy.  The redesigned and updated event-

driven interactive web site, educator trainings 

and NASA Space Science Updates keep the 

mission status and new science discoveries at the 

fingertips of the public. 

  

1. Engaging the Public  

 

Voyager has a six-year partnership with the 

NASA/JPL Solar System Ambassadors Program 

that recruits volunteers from across the nation to 

conduct public events in their local areas. These 

events include exhibits, radio programs, 

concerts, town hall meetings and star parties in 

primarily rural locations. There are presently 459 

Ambassadors (~40% added in 2 yrs.) in 50 states 

and Puerto Rico.  Over the last fiscal year, Solar 

System Ambassadors have engaged a total of 

169,457 participants in 230 events on the 

Voyager mission alone.   

 

On June 17, 2005, the Voyager Project Scientist, 

Dr. Ed Stone, participated in an informal 

teleconference chat with Solar System 

Ambassadors.  The topic of discussion was 

Voyager 1’s entry into the heliosheath.  The 

instant replay became available on June 25
th

 for 

replay.  The Ambassadors regularly evaluate the 

trainings which are sent to the Program Manager 

via email, “From Ron Schmitt in Minnesota:  

“Thanks a TON for the telecon with Ed Stone.  

That was SUPER cool!!  What great stories, and 

behind the scenes insight.  I would buy a CD of 

that stuff, if I could.  I LOVE hearing about all 

that goes on during the missions ˆ what choices 

they made, were they good ones, what happened 

when they weren’t, what totally surprised them...  

Excellent, excellent stuff.  Real human beings 

exploring the galaxy and all that.  Please thank 

Ed for us”. 

 

Voyager E/PO partners with NASA’s Space 

Place Program (http://spaceplace.jpl.nasa.gov), 

by providing educational products. Voyager and 

SEC literature is distributed to more than 300 

rural museums, libraries and planetariums and 

amateur astronomy clubs for K-6 students. The 

program also produces articles for Astro Club.  

Space Place has a formative evaluation process.  

Teacher-advisors evaluate each product for age 

appropriateness, appropriate choice medium, and 

the ability of the proposed material to support 

concepts typically covered in the formal 

education setting.  In addition the Program 

Evaluation Research Group (PERG) is in the 

process of conducting a summative program-

wide evaluation. 

 

Annually Voyager supports the JPL Open House 

which welcomes over 50,000 people over a two-

day period.  Exhibits, models and handouts are 

made available for general public dissemination 

while team members answer questions regarding 

the mission and its various science objectives. 

 

 
Figure 1:  Voyager At JPL Open House 

 

1.1 World Wide Web 

 

The JPL Voyager website at 

http://www.voyager.jpl.nasa.gov is accessed by 

~ 60,000 unique visitors per month.    In the 

month of June (after the AGU press release of 

Voyager 1’s entry into the heliosheath) the site 

received over 100,000 visits.  Anticipating the 

high demand for Voyager information, Dr. Ed 

Stone worked with JPL audiovisual team to 

produce a special Quicktime movie for the 

website that tells the story of Voyager 1’s 

historical crossing of the Termination Shock.  

The site is updated as needed with new 

educational components, data, facts and to be 

compliant with the Rehabilitation Act which 

requires Federal agencies to make their 
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electronic and information technology accessible 

to people with disabilities (Section 508). 

 

1.2 Media Relations 

 

Over the past 2 years the Voyagers have been 

involved in several media related activities.  In 

November 2003, NASA hosted a Space Science 

Update.   Press Release 03-354, titled “Voyager 

Approaching Solar System’s Final Frontier”, 

generated over 27 news features around the 

world.  In July 2004, Voyager Science Team 

members participated in a NASA Virtual News 

Briefing regarding the Halloween 2003 record-

shattering solar storms that reached Voyager, 

over eight billion miles away, a half year later.  

Over 30 reporters from companies like Sky & 

Telescope, Associated Press, Washington Post 

and National Geographic Magazine listened and 

logged into the news briefing.  The same briefing 

was later featured in an article on the 

Science@NASA web site at 

http://science.nasa.gov/headlines/y2004/13jul_so

larblast.htm 

 

During the Termination Shock Crossing 

announcement, Tim Hogle, Voyager Operations 

team member, gave interviews for Los Angeles 

television stations KABC and KNBC, and the 

Sandusky Ohio Register. 

 

On June 14, 2005, Drs. Stone and Krimigis 

participated in a 30-minute interview program 

sponsored by AARP on NPR, called Prime Time 

Radio.  The program was titled “Voyager at 30”. 

 

2. Informal Education  

 

LA's BEST - Better Educated Students for 

Tomorrow - was created in 1988 by Mayor Tom 

Bradley to address an alarming rise in the lack of 

adequate adult supervision of children during the 

critical hours between 3 and 6 p.m. From its 

inception, LA's BEST has maintained a balance 

of high quality standards for education, 

enrichment, and recreation. 130 elementary 

schools sites in the Los Angeles School District 

primarily minority based inter-city schools, are 

involved in the program. During this year’s on-

site visit by Voyager Team members, grades 3-5 

students participated in discussions about the 

solar system, stars, black holes and the Voyager 

mission. LA's BEST has commissioned the 

National Center for Research on Evaluation, 

Standards and Student Testing (CRESST) and 

the Center for the Study of Evaluation (CSE) at 

the University of California, Los Angeles, to 

evaluate the program and to measure its impact 

both quantitatively and qualitatively. 

 

 
Figure 2: LA's Best - El Dorado School 

On December 3, 2004, Professor Larry Josbeno, 

gave a Voyager presentation at the Corning 

Community College Observatory in New York.  

The presentation was sponsored by the 

Elmira/Corning Astronomical Society and was 

attended by approximately 60 students.  The 

Voyager Project supplied Dr. Josbeno with 

copies of the Voyager Educational CD-ROM, 

“Unraveling the Secrets of the Solar Wind”, 

planetary tour slides, educational wallsheets and 

bookmarks for this presentation. 

 

 
Figure 3: Voyager Educational CD-ROM 

On June 2, 2005, the Voyager Project 

participated in the Space Day activity at 

Longfellow School in Riverside, CA, which was 

co-sponsored by Lockheed -Martin Space 

Systems and the Traveling Space Museum. 

Approximately 400 students participated in 20 

minute activities and viewed Voyager, Genesis, 

Stardust and DSN exhibits.  
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The Voyager Project Manager accepted an 

invitation from the University of Southern 

California to present a Voyager overview to 75 

Honors Engineering students.  The event took 

place on February 11, 2005. 

 

 
Figure 4: Orange County Astronomers  

Meeting Notice 

Voyager team members regularly participate in 

local community events. Tim Hogle gave a 

presentation on Voyager’s journey toward 

interstellar space at the Orange County 

Astronomers meeting on September 9, 2005. 

Approximately 250 amateur astronomers 

attended the meeting More information is 

available at http://ocastronomers.org/e-

zine/monthly_meetings/  

 

Former Voyager Team member, Donald Heller, 

gave a Voyager presentation to 60 first graders at 

Pinecrest Elementary School.  The students had 

an opportunity to see a scale model of the 

spacecraft.  Heller also used a ”mini spacecraft” -  

a platform about the size of coffee mug, with a 

color video camera on a scan platform, 10 cm 

antenna, 2.4 GHz  battery powered transmitter – 

to demonstrate how a spacecraft would take 

pictures and transmit them to the DSN.  The 

“DSN” receiver was about the size of a VHS 

player, which was connected to the school-

provided television. 

 

Technical Specialist and After School Educator, 

Drew Koning requested the on-line Voyager 

powerpoint presentation to use in his after-school 

program, “NASA Missions”, at the American 

Museum of Natural History in New York.  The 

program was scheduled from January 12 – 

February 9, 2005 for students in grades 9-12. 

More information is available at their web site at   

http://www.amnh.org. 

 

3. ENGAGING THE PUBLIC - PLANS FOR 

FY06-FY08 

 

Voyager will continue to support the NASA/JPL 

Solar System Ambassadors Program. The project 

will facilitate a minimum of one training session 

each year for new Ambassadors and additional 

training will be conducted to support significant 

mission milestones. Ambassadors will be 

exposed to key personnel while examining new 

science results from Voyagers 1 and 2.  

 

The Voyager E/PO Lead is working with 

NASA’s Space Place and Tony Phillips to 

develop an Astro Club and Kids Newspaper 

article on Voyager 1’s Crossing of the 

Termination Shock.  The articles will be 

produced in both English and Spanish.  

Additionally, E/PO materials and exhibits will be 

rotated two times per quarter to participating 

Space Place partners, which include rural 

libraries, zoos, science centers, and museums. 

 

“Community Nights”: Working in partnership 

with the Arizona State University Mars K-12 

Education Department, Voyager will continue to 

participate in the re-development of Solar 

System kits. These kits have been beta-tested by  

more than 100 girl scout troops and are presently 

scheduled for revision and updates for 

introduction to the GSUA Nationwide.  The 

portable exhibits will be loaned to educational 

facilities, community organizations and other 

NASA EPO partners. 

 

3.1 World Wide Web  

 

The Voyager web site will continue to be 

updated quarterly.  Plans include new 

educational activities, press releases and mission 

status reports. 

 

4. INFORMAL EDUCATION 

The Voyager project plans continued support for 

Presidential Executive Order 13021: Tribal 

College, Tribal Pre College Initiatives by 

providing opportunities for K-12 teacher 

training, enhancing curriculum and engaging 

students in NASA related career fields, The 

project will work with the JPL Tribal College 

Initiative in the Minority Education Initiatives in 

the Education and Public Outreach Office.  
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The Voyager Team has agreed to support Eliot 

Middle School Tutoring program.  We will 

provide literature, educational wall sheets and 

tutors.  Tutors  meet with the students twice 

weekly, offering one-on-one volunteer tutors for 

35-45 students per session. 

 

4.1 Conferences/Workshops 

 

Voyager will ontinue to support educational 

conferences requiring NASA Center presence, 

i.e., NSTA, CSTA, and Space Congress.  

Educator Paul Williams has submitted a Voyager 

proposal to the National Science Teachers 

Association National Conference which will 

meet in Anaheim on April 6-9 of 2006  

 

5. Formal Education 

 

The Voyager Project Office, with support from 

the science teams, proposes an educator 

workshop at JPL for the NASA Explorer School 

Program.  This workshop will consist of lectures 

from team members and classroom activities, 

with the goal of providing educators an 

explanation and understanding of the termination 

shock crossing and its significance.  

 

6. E/PO Products 

 

The project will continue to develop products to 

support the education and public outreach 

programs. These will include, as appropriate, 

brochures, decals, educational content for web 

sites, and packages for educational conferences 

and workshops. Educational products will be 

distributed through the NASA Education 

Resource Centers and through distribution to 

schools involved in the various E/PO programs 

in which the Voyager project is involved.  

 

7. E/PO Budget 

  

 By participating with other missions at 

JPL and with the Sun-Earth Connection Forum, 

the project has been able to leverage its limited 

E/PO funds.  The requested E/PO funds will be 

used to participate in the various 

partnerships/subcontracts that the Voyager 

Project will be involved in,  such as Solar 

System Ambassadors, The SpacePlace, and 

Educator Consultants.  The Voyager Project will 

purchase educational wall sheets and bookmarks 

for NASA supported educational conferences.  

Activity supplies and tools, such as Star Finders, 

lithographs and evaluation forms will be 

purchased for hands-on activities.  In anticipation 

of Voyager 2’s Termination Shock Crossing in 

the next 3-5 years, the project will be working 

closely with the NASA/JPL Media Relations to 

create new animations, science updates and press 

releases.  Travel funds are requested to attend the 

NASA supported conferences and science 

meetings where Voyager is represented.  Direct 

Labor costs will cover the Voyager web site 

updates and  audiovisual support. 

The optimal proposal would include additional 

funds to create additional products and to 

increase project participation in other education 

and public outreach venues.  

 

 
FY06 FY07 FY08 FY09 FY10 

1. Direct Labor (salaries, wages, and fringe benefits) 8000 8000 8000 8000 8000 

2.  Other Direct Costs:      

     a.  Subcontracts 15000 15000 15000 15000 15000 

     b.  Consultants 2000 2000 2000 2000 2000 

     c.  Equipment      

     d.  Supplies 18000 18000 18000 18000 18000 

     e.  Travel 7000 7000 7000 7000 7000 

     f.  Other      

3.  Facilities and Administrative Costs      

4.  Other Applicable Costs      

5.  SUBTOTAL--Estimated Costs 50000 50000 50000 50000 50000 

6.  Less Proposed Cost Sharing (if any)      

7. Total E/PO Estimated Costs 50000 50000 50000 50000 50000 
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Appendix 1 
List of Acronyms 

 
Acronym Meaning Acronym Meaning 

 
$xsxK Thousands Of Dollars 
AACS Attitude & Articulation Control 

Subsystem 
ACE Advanced Composition Explorer 
ACR Anomalous Cosmic Ray 
A-D Analog To Digital (Converter) 
AMMOS Advanced Multi-Mission 

Operations System 
AU Astronomical Unit 
B Magnetic Flux 
BEST Better Educated Students for 

Tomorrow 
BML Backup Mission Load 
CCS Computer Command Subsystem 
CMIR Corotating Merged Interaction 

Region 
CRESST Center for Research on Evaluation, 

Standards & Student Testing 
CRS Cosmic Ray Subsystem 

Experiment 
CSE Center for the Study of Education 
CST Canopus Star Tracker 
CSTA California Science Teachers 

Association 
DOY Day of Year 
DSN Deep Space Network 
DTR Digital Tape Recorder 
EDR Experiment Data Record 
ENA Energetic Neutral Atom  
E/PO, EPO Education & Public Outreach 
FDS Flight Data Subsystem 
FPA Fault Protection Algorithm 
FTE Full-Time Equivalent 
GCR Galactic Cosmic Ray 
GMIR  Global Merged Interaction Region 
GSFC Goddard Space Flight Center 
H Hydrogen 
HCS Heliospheric Current Sheet 
He Helium 
HGA High-Gain Antenna 
HISCALE Heliosphere Instrument for Spectra, 

Composition, and Anisotropy and 

Low Energies 

HP Heliopause 
HSH Heliosheath 
HYBIC Hybrid Buffer Interface Circuit 
IBEX Interstellar Boundary Explorer 
IMF Interplanetary Medium  
IMP Interplanetary Monitoring Platform 

ISCRS Interstellar Cosmic Ray Spectra 

KeV Thousands of Electron Volts 
K-12 Kindergarten through 12th grade 
LECP Low-Energy Charged Particles 

Experiment 
LISM Local Interstellar Medium 
MAG Magnetometer Experiment 
MARVEL Monitor/Analyzer Of Real-Time 

Voyager Engineering Link 
MHD Magnetohydrodynamics 
MeV Million Electron Volts 
�G MicroGauss 
MIR Merged Interaction Region 
NASA National Aeronautics & Space 

Administration 
NSSDC National Space Science Data 

Center 
NSTA National Science Teachers 

Association 
nuc Nucleon 
PLS Plasma Science Experiment 
PRA Planetary Radio Astronomy  
PWS Plasma Wave Subsystem 

Experiment 
QEDR Quicklook EDR 
RMS Root Mean Square 
RTG Radioisotope Thermoelectric 

Generator 
SAMPEX Solar Anomalous and 

Magnetospheric Particle Explorer 

SSSC Sun-Solar System Connection 
SSG Science Steering Group 
SW Solar Wind 
SWICS Solar Wind Ion Composition 

Spectrometer 
TS Termination Shock 
TSP Termination Shock Particles 
UT Universal Time 
UVS Ultra-Violet Spectrometer 
V Velocity 
V1 Voyager 1 
V2 Voyager 2 
VAMPIRE Voyager Alarm Monitor Processor 

Including Remote Examination 
VIM Voyager Interstellar Mission 
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